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SUMMARY 


A  research  program  was  conducted  by  the  Polymer  Synthesis  Group  of  the 
Department  of  Chemistry  and  the  Polymer  Materials  and  Interfaces  Laboratory 
on  the  theme  of  new  elastomer  synthesis.  The  body  of  the  report  described 
herein  Is  subdivided  Into  five  areas  of  discussion.  The  first  deals  with  a 
laboratory-scale,  low-pressure  reactor  suitable  for  living  polymerizations 
and  polymer  modification  studies.  This  section  Is  followed  by  a  discussion 
of  model  homopolymer  and  block  polymer  elastomers  obtained  by 
hydrogenation.  Next,  an  Investigation  of  a  hydrocarbon- soluble 
organollthlum  dl functional  Initiator  Is  described.  Elastomers  based  upon 
Ion-containing  block  and  random  copolymers  are  covered  as  Is  a  study  of  the 
morphology  and  properties  of  polyurea (urethane)  elastomers. 

In  the  first  portion  of  our  fundamental  research,  we  found  It  necessary  to 
design  and  construct  a  laboratory-scale  reactor  that  could  be  used  for  the 
controlled  polymerization  of  elastomer  precursors  such  as  butadiene  and 
Isoprene  monomers.  These  monomers  are  low  boiling  and  thus  easily  lost  in 
conventional  reactors.  However,  the  reactor  designed  herein  was 
demonstrated  to  be  very  appropriate  for  polymerizations  at  50  or  60°C  under 
relatively  mild  pressures.  The  availability  of  this  reactor  was  crucial 
for  the  synthesis  of  a  number  of  the  elastomer  systems  described. 

Moreover,  the  reactor  was  designed  In  such  a  way  that  It  should  be  amenable 
to  scaleup  by  engineers  concerned  with  producing  larger  amounts  of  the 
materials  described  within  this  report.  Clearly,  the  quantities  of  the 
materials  feasible  In  a  university  environment  are  not  sufficient  for 
commercial  testing.  The  reactor  was  also  useful  for  modification  reactions 
such  as  hydrogenation  and  sulfonatlon.  In  the  second  phase  of  our  work, 
hydrogenation  reactions  were  studied  extensively  on  both  homopolymer 
elastomers  as  well  as  trl-  and  star-block  elastomers  based  on  t-butyl 
styrene.  The  model  studies  were  very  illuminating  In  the  sense  that  they 
showed  It  was  possible  to  quantitatively  hydrogenate  sensitive  polymeric 
materials  such  as  polylsoprene  without  significant  chain  degradation.  This 
was  demonstrated  by  measuring  molecular  weights  before  and  after 
hydrogenation  as  well  as  by  gel  permeation  chromatography  (GPC) 
measurements.  The  resulting  hydrogenated  homopolymer  elastomers  were 
characterized  by  dynamic  mechanical  measurements  as  well  as  thermal 
analysis.  The  results  Indicated  that  although  the  glass  temperature  was 
not  significantly  changed,  the  modulus  at  room  temperature  was 
significantly  Increased.  Indeed,  this  higher  entanglement  density 
remarkedly  Increases  the  dynamic  elastic  modulus  at  room  temperature  from 
about  10°  to  10'  megapaschals  (M-P).  An  Important  conclusion  Is  that 
saturated  elastomers  such  as  butyl  rubber  and  various  halogenated 
derivatives  as  well  as  the  ethylene- propylene  copolymer  (EPDM)  elastomers 
should  be  Investigated  In  high  performance  applications. 

The  third  area  of  progress  dealt  with  the  hydrocarbon  soluble  dl functional 
Initiators.  We  have  demonstrated  with  the  system  described  herein  that  It 
Is  possible  to  grow  living  chains  In  both  directions  and  produce  telechellc 
elastomers  bearing  hydroxyl  end-groups.  Additionally,  the  material  can  be 
utilized  to  prepare  triblock  copolymer  elastomers  In  one  reaction  step. 


This  type  of  Information  has  been  badly  needed  by  commercial  firms  for  many 
years.  The  resulting  polydienes  can  also  be  hydrogenated  using  the 
techniques  developed  during  this  work.  In  the  fourth  area  of  research, 
further  studies  on  Ion-containing  block  and  random  copolymers  were 
conducted.  A  variety  of  systems  were  examined  Including  emulsion 
copolymers  of  alkyl  acrylates  and  sulfonated  styrene.  These  novel  Ion- 
containing  elastomers  are  quite  thermally  stable  due  to  the  saturated  alkyl 
acrylate  backbone.  However,  we  observed  significant  strengthening  of  the 
materials  due  to  Ion  association  of  the  sulfonate  groups.  Such  materials 
have  also  been  of  Interest  In  post- reaction  modifications  of  saturated 
EPDM.  It  appears  that  the  sulfonate  groups  can  associate  into  at  least 
multi pi ets  and,  possibly,  clusters.  The  resulting  associated  Ionic  phase 
reinforces  the  covalent  elastomer  and  provides  additional  thermomechanlcal 
stability  at  higher  temperatures.  Lastly,  a  significant  effort  was 
conducted  In  the  area  of  reactive  castable  elastomers  based  upon  soft, 
flexible  segments  linked  together  through  polyurethane  or  polyurea  type 
hard  segments.  This  approach  to  castable  elastomers  certainly  has  a  major 
potential  for  developing  reactive,  automated,  fully-cured  systems  of  high 
strength  and  good  abrasion  resistance.  In  the  work  conducted  herein,  soft 
polyether  segments  were  modified  to  produce  essentially  all  urea  hard 
segments.  A  novel  chemical  approach  utilizing  tertiary  alcohols  as 
reactive  Intermediates  was  discovered  and  Investigated.  Essentially,  the 
tertiary  alcohol  can  undergo  Intermediate  carbamate  formation  which 
subsequently  rearranges  at  higher  temperatures  to  produce  a  urea  hard 
segment.  These  materials  were  shown  to  produce  very  high  strengths  when 
prepared  properly  and  an  adequate  thermo-mechanical  stability  which  would 
be  of  Interest  for  the  upper  temperatures  required  In  high  performance 
elastomers.  Aspects  of  the  morphology  and  physical  properties  of  these 
novel  elastomers  were  also  Investigated  and  are  reported  herein. - 
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1.0.  INTRODUCTION 


Elastomeric  materials  currently  utilized  at  this  time  are  often  based  on 
styrene  butadiene  copolymers  prepared  by  emulsion  polymerization.  Although 
they  have  been  utilized  for  many  years  and  are  very  Important  materials, 
there  may  be  some  synthesis  variations  that  can  produce  new  and  Improved 
properties,  especially  for  high  performance  applications.  Elastomeric  or 
rubbery  polymers  are  defined  by  the  detailed  shape  and  chemical  composition 
of  the  macromolecules.  Polymers  which  are  rubbery  possess  relatively  weak 
Interchain  forces  and  usually  do  not  have  sufficient  symmetry  to 
crystallize  to  any  great  extent.  As  one  adds  stronger  Interchain  forces  to 
the  molecule  the  rubbery  properties  are  gradually  modified  to  those,  for 
example,  of  fiber- forming  materials.  Copolymerization  may  be  used  to 
reduce  polymer  Interchain  forces  and  favor  rubbery  characteristics  (for 
example,  ethylene/propylene).  On  the  other  hand.  It  may  be  desirable  to 
Introduce  polar  groups  Into  hydrocarbon  polymers  to  selectively  Increase 
the  Interchain  and  Intrachain  forces.  For  example,  the  polar  groups  can 
alter  the  solvent  resistance  of  the  polymer,  as  is  commonly  done 
commercially  with  the  so-called  nitrile  rubber,  a  copolymer  of  butadiene 
and  acrylonitrile.  Carboxylic  groups  are  of  Interest  since  their  strong 
polar  nature  can  Increase  interchain  forces  and  perhaps  Increase  the 
strength  of  the  polymer.  Carboxyl -containing  rubbers  have  been  studied  In 
detail  and  they  demonstrated  a  number  of  Interesting  properties. 
Hydrogenation  of  polydienes  may  also  be  feasible  to  produce  thermo- 
oxldatlvely  more  stable  materials  analogous  to  hydrogenated  nitriles, 
ethylene-propylene  copolymers  or  ethylene-propylene-dlene  tripolymers 
(EPOM) . 

A  basic  requirement  for  rubbery  material  Is  that  It  must  consist  of  long 
flexible  chain-1  Ike  molecules  that  can  undergo  rapid  rotation  as  a  result 
of  thermal  agitation.  In  the  practical  sense  this  means  an  essentially 
amorphous  polymer  that  Is  well  above  Its  glass- transition  temperature  (Tg). 
A  further  requirement  Is  that  the  long  chain  linear  molecules  must  be 
cross-linked  by  a  few  Intermolecular  bonds  during  processing  to  form  an 
Insoluble  three-dimensional  network.  Ordinarily  this  Is  done  by  the 
reaction  of  a  polydiene  with  sulfur  and  accelerators.  The  thermoplastic 
elastomers  do  not  require  chemical  crosslinks,  rather  they  depend  upon 
physical  network  formation  derived  from  glassy  or  semi-crystalline  block 
structures.  It  Is  now  becoming  apparent  that  the  Ion-containing  elastomers 
are  somewhat  analogous  to  other  thermoplastic  elastomers  (TPE's),  In  the 
sense  that  the  small  concentration  of  Ions  that  are  generated  actually  can 
aggregate  Into  a  physical  domain.  The  nature  of  the  aggregation  depends 
upon  the  concentration  of  lonlzable  groups,  their  nature  (i.e.,  are  they 
carboxylates  or  sulfonates),  and  the  nature  of  the  counter-Ion,  for 
example,  Zn  versus  Na,  etc„  In  any  event,  It  Is  apparent  that  the  upper 
transition  temperature  of  a  multiphase  thermoplastic  elastomers  would  have 
to  be  significantly  higher  than  Its  use  temperature.  Currently  available 
systems  based  on  polystyrene  hard  blocks  (Tg  *  100°C)  or  thermoplastic 
polyurethanes  do  not  display  sufficient  the mtomechan leal  stability. 
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In  the  current  study,  the  following  fundamental  research  areas  were 
Investigated: 

\j  •  Hydrogenation  techniques  for  polydiene  homo-  and  block  copolymers 

which  would  be  applicable  to  both  nonpolar  and  polar  elastomers. 

I  Utilization  of  t-butyl styrene  as  a  higher  temperature  hard  block 
(Tg  «145°C). 

\j  •  Development  of  a  dl functional  lithium  based  Initiator  which  could 

produce  high  1,4-polydlenes,  block  copolymer  elastomers  and 
functionally  terminated  polyols. 

•  Synthesis  of  model  urea-linked  segmented  copolymers  which  could 
extend  the  thermomechanical  utility  of  highly  automated  “cast"  or 

O  RIM  elastomers. 

•  The  design  and  Implementation  of  an  automated  scalable  laboratory 
polymerization  reactor. 


Ci  2.0  OBJECTIVE 

The  objective  of  this  work  was  to  conduct  a  fundamental  Investigation  of 
new  polymer  syntheses  to  elastomer  materials  which  would  be  useful 
ultimately  for  the  preparation  of  higher  performance  elastomer  materials. 

a 

3.0  CONCLUSIONS 

A  laboratory  scale  low-pressure  reactor  was  Invented  and  constructed  which 
enables  chemists  and  chemical  engineers  to  prepare  very  well  defined 
elastomeric  materials  via  living  polymerization.  It  was  also  shown  to  be 
&  suitable  for  Important  modification  reactions  such  as  hydrogenation  and. 

Indeed,  sulfonatlon.  Work  described  throughout  the  project  demonstrated 
hydrogenation  of  unsaturated  polydiene  elastomers  to  nearly  100  percent 
reduction  levels.  The  resulting  product  Is  remarkedly  more  stable  than 
either  polylsoprene  or  polybutadiene.  It  Is  well  known  that  the  former 
undergoes  chain  scission  and  the  latter  undergoes  chain  cross-linking. 

^  Thus,  the  saturated  systems  are  of  particular  Interest  for  the  demanding 

temperatures  required  In  high  performance  elastomer  systems.  The  results 
demonstrated  here  could  be  extended  to  other  elastomeric  polymers  such  as 
the  nitrile  rubbers  If  desired.  Important  hydrocarbon-soluble 
organollthlum  dl functional  Initiators  were  produced  which  offer  attractive 
routes  for  the  synthesis  of  hydrocarbon-based,  reactive  telechellc 
v*  elastomers  suitable  for  further  endlinking  studies.  In  addition,  the 

dlfunctlonal  initiators  allowed  the  growth  of  macromolecu'lar  chains  In  two 
directions,  thus  permitting  the  synthesis  of  A-B-A  thermoplastic  block 
copolymer  elastomers  In  one  step.  Ion-containing  block  and  random 
copolymers  were  Investigated  which  show  some  potential  towards  being  more 
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thermally  stable  than  unsaturated  materials  while  at  the  same  time 
providing  higher  strength  properties. 

Thus,  alkyl  acrylate-sul fcnated  styrene  produced  elastomers  which  were 
quite  thermally  stable  and  yet  showed  good  mechanical  strength  even  in  the 
"green11  thermoplastic  state.  Further  vulcanization  of  these  elastomers 
should  be  quite  fruitful  In  obtaining  attractive  new  Ion-containing 
elastomeric  materials.  Additional  novel  studies  were  Initiated  wherein  one 
could  produce  block-like  on  structures  through  the  use  of  alkyl 
methacrylate- type  polymerizations  followed  by  hydrolysis.  These  systems 
could  show  Important  new  advantages  relative  to  the  randomly  placed  Ion- 
containing  elastomeric  block  copolymers.  The  potential  of  polyurea-cast 
elastomers  was  further  elucidated.  It  was  demonstrated  that  the  polyurea 
provided  excellent  reinforcing  mechanisms  to  produce  high  strength 
elastomers.  Moreover,  the  thermomechanlcal  stability  was  significantly 
enhanced  relative  to  more  conventional  carbamate  or  urethane- type  hard 
segments.  The  novel  route  to  producing  these  elastomers  focused  on  the  use 
of  t-butyl  alcohol  reactive  Intermediates.  These  materials  could  produce 
very  high-strength  foams  directly  and,  given  proper  reactive  thermoplastic 
processing,  could  be  devolatilized  and  remolded  Into  tough  high-strength 
elastomers. 


4.0  RECOMMENDATIONS 

It  Is  recommended  that  further  research  be  conducted  In  the  area  of 
hydrogenated  model  homopolymer  and  block  copolymer  elastomers,  possibly 
focusing  on  more  polar  elastomers  such  as  the  unsaturated  nitrile- 
containing  systems.  Block  polymers  based  upon  dl functional  Initiators 
should  be  further  Investigated  as  routes  for  thermoplastic  elastomirs  and 
high- temperature,  thermally  stable  elastomers.  Block-like  Ion-containing 
copolymers  based  upon  carboxyl ate  or  sulfonate  endl Inked  units  should  be 
further  studied.  The  general  area  of  polyureas  represents  an  attractive 
route  to  a  castable  material  which  may  have  adequate  thermal  stability  for 
the  Intended  applications. 

In  addition  to  the  above  areas  of  fundamental  research.  It  Is  recommended 
that  a  portion  of  the  future  work  be  directed  toward  scaleup  of  these 
concepts  and  direct  utilization  Into  high  performance  elastomers.  As  a 
short-term  recommendation,  one  should  Investigate  properly  compounded, 
high-performance,  commercially  available  EPDM  elastomers,  butyl  rubber 
systems,  and  their  halogenated  counterparts.  It  Is  felt  that  adequato 
thermal  stability  does  exist  with  both  of  those  saturated  elastomers  and 
that  further  studies  on  a  practical  basis  should  be  Investigated  as  soon  as 
possible.  Further  Investigation  of  development  and  newly  commercialized 
materials  should  also  be  explored.  In  particular,  hydrogenated  nitrile 
rubbers  are  believed  to  be  available  In  both  Japan  and  Germany.  On  the 
basis  of  the  work  conducted  In  this  study,  they  should  definitely  be 
evaluated  for  the  subject  applications.  Further,  second  stage  studies 
should  also  utilize  the  recently  commercialized,  sulfonated  EPDM  type  of 
elastomers  as  further  outgrowth  of  the  basic  data  generated  In  this  study. 


5.0  DISCUSSION 


5.1.  Laboratory-Scale,  Low-Pressure  Reactor  for  Living  Polymerization  and 

Polymer  fedlff-atl on  Studies -  - - - 

5.1.1.  General.  The  synthesis  of  block  copolymers  by  anionic 
polymerization  Is  a  well -documented  technique  (1-3)  and  provides  precise 
control  over  many  Important  polymer  parameters  such  as  molecular  weight  and 
distribution,  stereochemistry,  end  group  functionality,  topology,  etc. 

Thus,  It  Is  often  the  technique  of  choice  In  the  preparation  of  well- 
defined  or  perhaps  model  polymers  for  subsequent  structure-property  studies 
(6).  Detailed  studies  often  require  relatively  large  amounts  of  sample  (20- 
50g)  for  a  broad  range  of  analysis  (rheological,  solid-state  thermal 
mechanical,  solution,  etc.),  and  are  very  often  facilitated  by  the  ability 
to  sample  a  1  Ivina  polymerization  or  polv»er  modification  reaction  as  a 
function  of  time  (as  In  kinetics  studies).  Classically  rigorous  vacuum 
rack  methods  (1-5)  of  anionic  polymerization  as  described  by  Morton  and 
Fetters  (1)  and  many  others,  do  not  conveniently  allow  the  preparation  of 
large  samples  and  virtually  prohibit  reaction  sampling.  Consequently,  our 
laboratory  has  chosen  to  set  up.  In  addition  to  our  high-vacuum  system, 
several  reactor  systems  centered  around  low-pressure.  Inert  atmosphere, 
glass-bowl  and  stainless  steel  vessels  that  are  commercially  available  (7). 
These  systems  not  only  provide  for  monomer  and  solvent  storage,  transfer, 
purification,  measurement,  polymerization,  and  sampling,  but  also  provide  a 
safe  and  convenient  means  by  which  to  handle  various  Important  and  perhaps 
hazardous  monomers  such  as  1,3-butadiene,  ethylene  oxide,  ethylene,  alkyl 
methacrylates,  etc.  It  Is  the  design  of  these  reactor  systems  and  typical 
results  that  may  be  obtained  by  their  use  that  Is  the  focus  of  this 
discussion. 

5.1.2.  Reactor  System  Design.  In  this  section  we  will  briefly  describe 
the  design  and  operation  of  the  Integrated  reactor  system  and  In  slightly 
more  detail,  the  design  and  some  operations  of  the  reactor  Itself. 

The  reactor  system  employed  by  our  laboratory  for  anionic  polymerization  Is 
schematically  represented  In  Figure  5.1-1.  Nearly  Identical  systems  are 
also  In  use  by  us  for  coordination  polymerization  and  anionic  to 
coordination  transformation  reactions. 

5. 1.2.1.  Storage.  The  monomer  (Isoprene  &  butadiene)  and  solvent 
(cyclohexane)  storage  tanks  are  commercially  available  (8)  20  pound  low 
pressure  gas  (LPG)-type  cylinders  each  having  a  valve  modified  by  us  to 
extend  an  eduction  tube  to  the  bottom  of  the  cylinder  while  providing  a  50 
pounds  per  square  Inch  (gauge)  (pslg)  cylinder  atmosphere  of  purified 
nitrogen. 


5. 1.2.2.  Measurement.  The  volumetric  measurement  of  monomer  and  solvent 
charges  Is  accomplished  by  the  use  of  appropriately  sized  [200-1000 
milliliter  (ml)]  holding  tanks  (8)  equipped  with  capillary  sight  glasses 
and  calibrated  so  that  the  weight  of  a  charge  may  be  easily  calculated, 
given  Its  density.  The  holding  tanks  are  plumbed  so  that  they  may  be 
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vented*  charged  with  monomer  or  solvent*  pressurized  with  purified 
nitrogen*  drained  to  waste,  or  drained  to  either  of  two  or  more  reactors. 
Metering  pumps  may  be  alternately  employed  to  slowly  charge  the  contents  of 
a  holding  tank*  or  to  circulate  the  contents  of  a  reactor  through  a  flow¬ 
cell  for  ultraviolet  (UV)/vls1ble  spectroscopy. 

5. 1.2. 3.  Purification.  As  a  given  holding  tank  Is  charged*  the  monomer  or 
solvent  flows  from  the  storage  tank  and  through  steel  or  stainless  steel 
columns  packed  with  activated  alumina  (for  deinhibition)  and  molecular 
sieves  (for  dehydration).  These  purification  columns  must  be  sized 
appropriately  to  provide  adequate  purification  without  permitting  excessive 
monomer  residence  times*  which  may  result  In  premature  polymerization  and 
column  fouling.  Diene  monomers  prepared  In  this  manner  are  typically  added 
to  living  polymerizations  with  less  than  0.5  percent  termination. 
Alternatively*  they  may  be  distilled  from  organometalllc  reagents  for 
fundamental  research  efforts  requiring  even  more  rigorous  purification. 

5. 1.2. 4.  Polymerization.  The  reactor  vessel  (see  Figure  5.1-2)  Is  a 
commercially  available  (7)  unit  consisting  of  a  heavy-walled*  flint  glass 
bowl  (hydrostatically  tested  to  1000  pslg),  a  stand,  a  stainless  steel 
(S.S.)  top  plate*  and  magnetically  coupled  stirring  assembly.  This  basic 
unit  has  been  equipped  by  us  with  a  l/4-1nch  outer  diameter  (0.0.)  S.S. 
heat-exchange  coll,  a  drive  system  and  two  S.S.  hlgh-llf*  pitch  impellers 
(8)  (for  effective  stirring  of  extremely  viscous  solutions),  thermocouple 
and  thermistor  probes  (for  temperature  measurement  and  control),  a  3/8- Inch 
Inner  diameter  (I.D.)  septum  port*  and  various  other  S.S.  fittings  and 
tubing  to  provide  a  monomer  and  solvent  Inlet,  and  an  inlet/vent  for 
purified  nitrogen.  A  scale  drawing  of  the  reactor  and  some  of  Its 
components  and  plumbing  Is  provided  as  Figure  5.1-2. 

5. 1.2. 5.  Temperature  control.  Temperature  control  of  the  reactor  Is 
provided  by  a  system  (schematically  shown  In  Figure  5.1-1)  consisting  of  a 
single  normally  closed  solenoid  valve,  and  a  relay-equipped  thermistor- type 
controller  (8).  The  controller  opens  (or  closes)  the  solenoid  valve  when 
the  reactor  temperature  exceeds  (or  lags)  the  set  point  by  0.1°C»  and 
thereby  provides  (or  Inhibits)  an  increased  flow  of  cold  water  into  a 
regulated  steam/ water  heating  mixture.  Constant  temperature  control  Is 
thus  provided  with  fluctuations  of  about  ±0.5°C.  Subambient  temperature 
control  may  alternatively  be  obtained  by  placing  the  solenoid  valve 
downstream  from  the  reactor  coll  and  connecting  a  pressurized  liquid 
nitrogen  supply  to  the  coll  Inlet. 

5- 1.2.6.  Reactor  operation.  Before  each  polymerization,  the  reactor  Is 
typically  "conditioned"  by  the  following  procedure.  A  solvent  charge  of 
500-600  ml  (700  ml  capacity)  Is  heated  to  60*C  while  stirring  rapidly 
[circa  750  revolutions  per  minute  (rpm)],  and  a  two-millimole  (mmol)  charge 
of  1,1  diphenyl ethylene  Is  made  with  a  syringe.  Secondary- butyl  lithium  Is 
added  dropwlse  with  a  syringe  to  the  reactor  until  a  pale  yellow  color  Is 
observed  Indicating  the  titration  of  all  protonic  Impurities  and  the 
Initial  formation  of  diphenyl  hexyl 1 1thlum.  A  two-mmol  charge  of 
butyl  lithium  Is  made  at  this  point  and  allowed  to  react  with  1,1-Dlphenyl 
ethylene  (OPE)  for  several  hours.  A  deep  red  color  will  then  be  present 
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and  persist  If  no  additional  Impurities  enter  the  system.  The  reactor  Is 
rinsed  with  fresh  solvent  Immediately  before  charging  the  polymerization 
solvent.  Polymerizations  are  typically  performed  at  50  to  60°C  for  periods 
of  hours.  The  polymer  solution  Is  then  terminated  and  drained  from  the 
reactor  or  hydrogenated  In  situ  by  an  appropriate  catalyst  charge  and 
hydrogen  gas  supplied  through  the  dip  tube.  The  reactor  Is  then  rinsed 
with  solvent  prior  to  reconditioning. 

5.1.3.  Results  and  Discussion.  Using  the  reactor  system  outlned  above*  we 
have  prepared  homopolymers,  multlblock  and  star-block  copolymers*  and 
hydrogenated  polymers  of  many  types.  Several  examples  of  GPC 
chromatographs  are  Included  here  as  Figure  5.1-3.  Figure  5.1-3(a*b) 
Illustrates  the  preservation  of  a  typical*  narrow  polylsoprene  molecular 
weight  distribution  (MUD)  as  the  polymer  Is  catalytlcally  hydrogenated  In 
situ*  after  polymerization  and  methanol  termination.  Figure  5.1-3(c»d,e) 
Illustrates  the  type  of  polydl sparsities  (Pd)  typically  obtained  In  the 
multladdltlon  synthesis  of  star-block  copolymers  (6).  Both  of  these 
examples  are  very  useful  In  assisting  to  describe  the  well-defined  nature 
of  the  block  polymers  that  may  be  prepared  using  low-pressure*  Inert- 
atmosphere-  type  reactor  technology. 

5.1.4.  Conclusions.  From  the  figures  and  discussion  provided  above*  one 
can  begin  to  appreciate  the  Increased  safety*  the  semi -automated 
experimental  reproducibility*  the  experimental  convenience*  and  In  most 
cases*  the  acceptable  results  that  may  be  achieved  through  the  application 
of  low-pressure,  inert-atmosphere  reactor  technology. 
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Figure  5.1-3.  GPC  Chromatograms  of  a.  Hydrogenated  Polylsoprene 

Homopolymer,,  b.  Polylsoprene  Homopolymer  Precursor,  c. 
Poly(TBS)  First  Block,  d.  Poly(TBS-Isoprene)  Diblock,  e. 
Poly(TBS-Isoprene)  Starblock. 


22 


5.2.  Hydrogenation  of  Model  Homopolymer  and  Block  Polymer  Elastomers 


5.2.1.  Introduction.  Anionic  polymerization  of  dienes  Is  well  known  to 
offer  many  advantages  to  the  elastomer  chemist  who  Is  seeking  to  prepare 
well-defined  materials  of  narrow  molecular  weight  distribution*  with 
controlled  architecture  and  end  group  functionality  (1-12).  In  this 
section  we  will  discuss  some  of  our  work  on  the  synthesis  and  hydrogenation 
of  model  homopolymer  and  block  polymer  elastomers.  Hydrogenated 
polylsoprene  Is  an  excellent  model  for  ethylene  propylene  rubber  or  EPDM. 

Unsaturated  rubbers  based  on  either  polybutadiene  (BR)  or  polylsoprene  (NR 
or  IR)  have  stability  problems  at  temperatures  thought  to  be  Important  In 
high  performance  applications.  Essentially  BR  overcrosslinks  and  IR  or  NR 
undergo  chain  scission.  Thus*  these  two  Important  base  elastomers  either 
become  hard  and  Inextenslble*  or  very  soft  and  tacky.  Others*  as  well  as 
ourselves*  have  demonstrated  this  phenomena  via  stress-relaxation 
measurements,  and  these  are  Illustrated  In  Figure  5.2-1.  Thus*  PB  Is  rigid 
after  100  minutes  at  100°C,  while  PI  is  completely  tacky  after  about  75 
minutes  at  100°C.  These  data  Illustrate  the  probably  essential  requirement 
of  using  saturated  elastomers  In  high  performance  applications.  Although 
commercial  EPDM  systems  may  be  the  most  pragmatic  approach*  our  work  has 
generated  meaningful,  fundamental  elastomer  Information. 

Anlonlcally  prepared  triblock  and  star-block  copolymers  of  styrene  with 
butadiene  and  Isoprene  have  been  widely  synthesized  and  thoroughly  studied 
by  many  Investigators.  These  systems  have  also  provided  a  basis  for  many 
commercially  Important  thermoplastic  elastomers  Including  KRATON,  SOLPRENE, 
and  others.  The  thermal  and  mechanical  properties  of  these  materials  are 
well  established  In  their  mlcrophase-separated  morphologies  which  may  be 
tailored*  along  with  other  polymer  parameters,  to  achieve  specific  physical 
properties.  Anionic  polymerization  allows  the  controlled  synthesis  of 
block  polymers*  and  thus  facilitates  the  precise  engineering  of  mechanical 
properties  such  as  tensile  strength  and  modulus  by  controlling  parameters 
such  as  block  molecular  weight,  purity  and  microstructure.  A  suitable 
reactor  for  conducting  these  experiments  was  designed  and  discussed  In 
Section  1  of  this  report. 

Relatively  little  attention  (20,21)  has  been  given  to  ring  substituted 
styrenlc  monomers  such  as  paramethyl styrene  (PMS)  and  ter'tlary-butylstyrene 
(TBS).  These  monomers  may.  In  some  cases*  provide  the  opportunity  to 
Improve  the  high  temperature  performance  of  conventional  S-B-S  and  S-I-S 
systems.  At  the  same  time,  other  new  systems  permit  one  to  perform 
fundamental  studies  on  the  role  of  microphase  separation  In  the  structure- 
property  relations  of  well-defined,  thermoplastic,  block  copolymers.  Some 
Investigations  of  solution  behavior  have  already  been  reported  (19).  It 
has  been  previously  demonstrated  (20)  that  the  high  miscibility  of  triblock 
copolymers  of  poly(TBS)  with  polydienes  limits  the  degree  of  phase 
separation  that  can  be  conventionally  achieved  In  these  block  copolymers, 
and  thus  Influences  their  physical  properties.  Since  polyolefins  are 
believed  to  exhibit  lower  solubility  parameters  then  polydienes,  we  decided 
to  Investigate  hydrogenation  as  a  method  of  altering  the  degree  of 
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TIME(MIN) 


Figure  5.2-1.  Effect  of  Copolymer  Structure  and  Architecture  on  the 
Intermittent  Stress-Relaxation  of  Poly(butadlene)- 
Poly(lsoprene)  Peroxide-Cured  Networks 
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miscibility.  In  addition,  careful  hydrogenation  without  degradation  can  be 
conducted  to  produce  elastomeric  polyolefin  block  polymers  having  the  added 
benefits  of  enhanced  thermal  and  oxidative  stability  and  Improved 
mechanical  properties.  In  fact.  Fetters  and  coworkers  (20)  briefly  noted 
that  their  hydrogenated  sample  showed  Improved  mechanical  strength. 

Catalytic  hydrogenation  has  thus  been  employed  as  a  tool  for  enhancing 
microphase  separation  in  as  variety  of  poly(TBS)-poly1soprene  block 
copolymers  and  will  be  briefly  discussed.  A  description  of  the  synthesis 
and  catalytic  hydrogenation  of  homopolylsoprene  and  poly(TBS)-poly1soprene 
star  block  elastomer  follows. 

5.2.2.  Experimental.  Homopolymers  and  radial  or  star-shaped  block 
copolymers  elastomers  were  synthesized  under  nitrogen  pressure  and 
hydrogenated  In  the  low-pressure  glass  bowl /stainless  steel  reactors 
(described  above  In  Section  1).  A  procedure  used  for  the  synthesis  of  a 
star  block  poly(t-butyl  styrenej-polylsoprene  elastomer  follows. 
Homopolylsoprene  was  similarly  prepared. 

Cyclohexane  [99+  mole  (mol)  percent]  was  obtained  from  Phillips  Petroleum 
Company  and  used  as  the  polymerization  solvent.  It  was  stored  under  a  dry 
nitrogen  atmosphere  and  purified  by  transfer  through  steel  columns 
containing  molecular  sieves.  A  solvent  charge  of  436  ml  [340  grams  (g)] 
was  measured  In  a  calibrated  holding  tank  and  transferred  to  a  700  ml 
reactor.  The  solvent  was  heated  to  50°C  while  stirring  under  a  dry  N2 
atmosphere  of  10  pslg.  c 

T-butyl  styrene  (TBS)  (95  percent  para  Isomer)  was  provided  by  the  Dow 
Chemical  Company.  It  was  purified  by  exposure  to  activated  alumina,  and 
stored  at  5°C  under  a  dry  N2  atmosphere.  A  charge  of  18.2  ml  (16  g)  TBS 
was  measured  with  a  20  ml  syringe  and  transferred  to  the  reactor. 

Secondary  butyl  lithium  (1.37  M  In  hexfne)  was  provided  by  Lithium 
Corporation  and  added  dropvise  to  the  reactor  via  a  1-ml  syringe.  After 
the  addition  (titration)  of  0.07  ml,  a  pale  yellow  color  was  observed  to 
persist  and  an  Initiator  charge  of  0.47  ml  (0.64  mmol)  was  added.  The 
orange-colored  polymerization  was  allowed  to  proceed  for  60  minutes  before 
a  30  ml  sample  of  “living"  poly(TBS)  was  removed  from  the  reactor  and 
terminated.  GPC  characterization  using  polystyrene  standards  Indicated  a 
peak  molecular  weight  of  22,700  g/mol  with  a  polydlsperslty  of  1.15. 

Isoprene  was  provided  by  The  Goodyear  Tire  and  Rubber  Company  and  purified 
by  transfer  through  steel  columns  containing  activated  alumina  and 
molecular  sieves,  followed  by  distillation  from  dl butyl magnesium.  A  charge 
of  66  ml  (45  g)  was  measured  and  transferred  to  the  weactor  via  syringe. 

The  resulting  colorless  polymerization  was  allowed  to  proceed  for  2  hours 
at  50°C  before  a  30  ml  sample  was  removed  and  terminated.  GPC  analysis  of 
this  diblock  copolymer  Indicated  a  peak  molecular  weight  of  120,000  g/mol 
with  a  polydlsperslty  of  1.10,  based  on  polystyrene  standards. 
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Practical  grade  dl vinyl benzene  (DVB)  was  purified  by  stirring  with  powdered 
calcium  hydr1de(  followed  by  exposure  to  neutral  alumina  and  vacuum 
distillation  from  dl butyl magnesium.  Purified  DVB  was  diluted  with  purified 
hexane  to  obtain  a  0.72  M  working  solution.  Next*  5.4  ml  0.72  M  DVB  (3.84 
mmol)  was  syringed  Into  the  reactor,  producing  a  red  color  within  several 
minutes.  This  linking  reaction  was  allowed  to  proceed  for  2  hours  at  60°C 
after  which  the  "living'1  system  was  terminated  with  0.5  ml  high  performance 
liquid  chromatography  (HPLC)  grade,  degassed  methanol.  GPC  analysis  of 
this  polymer  Indicated  a  peak  molecular  weight  greater  than  10°  g/mol  with 
a  polydlsperslty  of  1.2,  suggesting  that  the  radial  topology  molecule 
contains  at  least  8  to  10  arms.  FTIR  and  FT  XH  NMR  analysis  of  this 
polymer  Indicated  that  the.  polydiene  microstructure  consisted  of  72  percent 
cls-1,4,  22  percent  trans-1,4  and  5  percent  3,4  polylsoprene,  which  was  In 
agreement  with  expectations.  Membrane  osmometry  was  conducted  with  a 
WESCAN  Model  231  osmometer  In  Toluene.  GPC  analysis  utilized  a  Maters  unit 
In  THF  fitted  with  5  columns  and  a  refractive  Index  detector. 


Catalytic  hydrogenation  of  the  above  star-block  copolymer  was  accomplished 
In  situ  (18).  The  polymer  solution  was  cooled  to  50°C  and  purged  well  with 
hydrogen.  A  preformed  catalyst  was  added  via  syringe  and  a  50  pslg 
hydrogen  atmosphere  was  maintained  for  up  to  24  hours.  The  catalyst  was 
prepared  by  adding  0.228  g  nickel  octoate  (0.66  mmol  or  0.1  mol  percent 
based  on  polylsoprene)  and  a  magnetic  stirring  bar  to  a  50  ml  glnss  serum 
bottle  which  was  then  sealed  with  a  septum  and  purger.  well  with  N?.  Then, 
15  ml  purified  cyclohexane  was  added  to  dissolve  the  N1(oct)«.  c 
Trl  ethyl  aluminum*  1.13  ml  (1.65  mmol),  was  syringed  Into  theT>ottle 
dropwlse  while  stirring  vigorously.  An  opaque,  black  collold/i!  suspension 
formed  Immediately  and  was  allowed  to  stir  for  10  minutes  at  room 
temperature.  The  catalyst  was  then  added  to  the  reactor  at  50°C  via 
syringe.  Fourier  transform  Infrared  spectroscopy  (FTIR)  (Nlcolet  MX-1)  and 
Fourier  transform  (FT)  AH  nuclear  magnetic  resonance  (NMR)  (IBM-270)  were 
used  to  observe  the  rate  of  the  hydrogenation  reaction.  These  methods 
Indicated  greater  than  99.9  percent  saturation  of  the  polydiene  homopolymer 
after  24  hours.  The  copolymers  were  not  quantitatively  reduced,  but  >90 
percent  was  achieved. 


Dynamic  mechanical  thermal  analysis  (DMTA)  (Polymer  Laboratories)  and 
differential  scanning  calorimetry  (DSC)  (Perkin  Elmer  Model  2)  have  been 
employed  to  assess  the  thermal  and  mechanical  behavior  of  poly(TBS)- 
polylsoprene  star  block  copolymers,  polylsoprene  homopolymers,  and  the 
hydrogenated  derivatives.  Thermoplastic  elastomers  containing  15  to  25 
weight  percent  poly(TBS),  and  rubber  modified  thermoplastics  containing  60 
to  75  weight  percent  poly(TBS)  have  been  studied. 


Stress-i train  and  stress  relaxation  experiments  were  performed  with  an 
Instron  Model  1130  on  four  series  of  elastomeric  block  copolymers  In  order 
to  observe  their  large  deformation,  property  response  to  progressing  and 
hydrogenation-induced  microphase  separation  characteristics. 
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5.2.3.  Results  and  Discussion. 


5. 2.3.1.  Synthesis  and  Characterization.  Five  series  of  star-block 
copolymers  were  synthesized  and  hydrogenated  to  various  levels  from  0  to 
>95  percent.  Four  of  these  series  were  of  the  same  composition  (25  weight 
percent  poly(TBS),  and  differed  only  In  the  molecular  weight  of  the 
poly(TES)  blocks  which  was  varied  from  10»000  to  25.000  g/mol.  These 
polymers  were  characterized  by  DSC.  DMTA,  and  stress-strain  experiments. 

The  f Iftddk  series  was  of  a  non-el astcavirlc  composition  (60  weight  percent 
pcly(TBS)).  and  was  characterized  by  I3SC  and  DMTA  experiments.  Linear 
polylsoprene  homopolymers  of  approximately  50,000  g/mol  or  100,000  were 
also  synthesized  and  hydrogenated  for  a  series  of  "control"  experiments  to 
exRMlne  only  the  polylsoprene  block.  These  experiments  Included  FT-IR, 

KWR.  DSC,  DMTA,  GPC,  and  membrane  osmometry  analysis. 

FT-IR  absorbance  spectra  obtained  as  a  function  of  percent  hydrogenation 
are  shown  In  Figures  5.2-2  through  5.2-5.  When  the  absorbance  peaks  for 
unsaturation  are  normalized  by  their  reference  peaks,  they  may  be  ratloed 
to  those  In  the  unhydrogenated  spectrum  to  determine  the  levels  of  residual 
unsaturation.  The  accuracy  of  this  technique  has  been  confirmed  and 
calibrated  by  FT  AH  NMR  experiments.  Very  low  levels  of  unsaturation  are 
possible. 

It  has  not  been  well  appreciated  In  the  past  that  polylsoprene  may  be 
quantitatively  catalytlcally  hydrogenated  to  a  "stlffer"  and  more  thermally 
and  oxidatively  stable  material  without  the  occurrence  of  degradation. 

That  such  well-defined  modification  may  be  performed  Is  demonstrated  by  the 
Information  In  Figures  5.2-6  and  5.2-7.  The  molecular  weight  (mol.  wt.) 
distribution  and  the  number  average  molecular  weight  (<Mn>)  of  polylsoprene 
hydrogenated  ca.  99  percent  are  virtually  unchanged  except  for  a  small 
theoretical  Increase  In  <Mn>  (ca.  3  percent  Is  expected  theoretically  from 
the  addition  of  hydrogen). 

In  Figure  5.2-8,  dynamic  mechanical  behavior  shows  that  the  hydrogenation 
of  polylsoprene  to  a  poly{ ethylene-propylene)  elastomer.  Increases  the 
modulus  of  the  elastomer  nearly  an  order  of  magnitude  at  roan  temperature. 
Most  likely  this  Is  related  to  fundamental  changes  In  the  entanglement  ' 
coupling  density,  or  molecular  weight  between  crosslinks. 

Figure  5.2-9  Is  an  example  of  DMTA  data  for  an  unhydrogenated  star-block 
elastomer  containing  25  weight  percent  poly(TBS)  at  25,000  g/mol.  Log.Q 
flexural  modulus  and  tangent  delta  are  plotted  as  a  function  of  temperature 
at  1  Hz.  The  absence  of  a  high- temperature  damping  peak  and  the  broad  low- 
temperature  relaxation  are  characteristic  of  a  highly  phase-mixed  block 
polymer.  The  polylsoprene  and  poly(TBS)  phases  have  mixed  sufficiently  to 
cause  "contamination"  of  the  matrix  rubber  with  the  glass,  broadening  the 
low  temperature  relaxation  and  plastlclzatlng  the  glass  "cross-linking" 
phase,  which  essentially  eliminates  any  Intermolecular  connectivity  at 
temperatures  above  the  lower  glass  transition.  When  this  same  star  block 
polymer  is  hydrogenated  approximately  90  percent,  the  low- temperature 
relaxation  sharpens  greatly  (Figure  5.2-9),  the  room  temperature  modulus 
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Figure  5.2-2.  FT-IR  Spectra  of  Polylsoprene,  H0039I  Hydrogenated  at  50°C, 
50  pslg  Hydrogen  3/1  Trl ethyl alumlnuw/NIckel  Octoate  0.1 
mole  percent  Nickel  Octoate 
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Figure  5.2-3.  FT-IR  Spectra  of  Folylsoprene,  H004GI  Hydrogenated  at  80°C, 
50  pslg  Hydrogen  3/1  Trl ethyl alumlnua/NIckel  Octoate  0.1 
stole  percent  Nickel  Octoate 
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Figure  5.2-4.  Percent  Unsaturation  vs.  Time  for  Hydrogenation  at  50°C,  50 
pslg  Hydrogen,  0.1  mole  percent  HI  FT-IR  at  890  cm” 
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2-5.  Percent  Unsaturation  vs.  TIdm  for  Hydrogenation  at  50*C 
pslg  Hydrogen*  O.i  mole  percent  N1  FT-IR  at  1665  cnf 
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Figure  5.2*6.  Meobrane  Osoowetry  Measurement  of  the  Rn  of  Polylsoprene 
Before  and  Aftar  Hydrogenation 
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Figure  5.2-8.  DMTA  Spectra  (1Hz,  5BC/m1n.) 
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Figure  5.2-9.  Influence  of  Hydrogenation  on  the  Dynamic  Mechanical 
Behavior  of  Po1y(Tert-Butyl  StyreneJ-Polylsoprene 
Thermoplastic  Elastomers 
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Increases  nearly  an  order  c  «„,n1tude  of  5.0  megapascals  (MPa),  and  a 
second  glass  transition  Is  < vl denned  by  the  appearance  of  a  high 
temperature  damping  maximum  115\»  These  changes  suggest  that  demixing 
has  resulted  In  more  homogeneity  or  pur «  phases,  with  thermal  properties 
more  characteristic  of  the  Individual  block  components  as  shown  In  Table 
5.2-1. 

Additional  star-block  copolymers  were  prepared  In  which  the  poly(TBS)b1ock 
molecular  weight  and  percent  composition  mto  Increased  to  60,000  g/mol  and 
60  percent  (dl block  molecular  w.lght  of  100,000  g/mol).  The  DMTA  data 
provided  In  Figure  5.2-10  were  'Mstalrted  for  a  representative  sample.  In 
this  case,  the  broad  lote  temperature  damping  and  the  relatively  low  (64®C) 
damping  peak  for  the  poly(TBS)blOw,;'  are  again  characteristic  of  a  phase- 
mixed  system.  When  this  block  polymer  was  hydrogenated  approximately  80 
percent,  the  curve  In  Figure  5.2-10  Is  obtained.  One  notes  again  that  the 
low-temperature  damping  maximum  Is  shifted  down  2J?°C  to  -48°C  and  the  high- 
temperature  damping  maximum  Is  shifted  upward  7 8°C  to  142*C.  The  prt  irsor 
system  also  flowed  nearly  100°C  before  Its  hydrogenated  counterpart  a. 
judged  from  compression  molding  experiments.  These  trends  further 
Indirect  evidence  of  substantial  microphase  separation  in  the  hydrogenated 
copolymers. 

5. 2. 3. 2.  Mechanical  behavior.  When  the  unhydrogenated  copolymers  were 
tested  In  stress-strain  experiments  at  ambient  conditions,  very  low  elastic 
moduli  (ca.  0.5  MPa)  and  very  high  elongations  (ca.  3000  percent)  were 
observed.  These  polymers  were  also  extremely  tacky  and  proved  to  be 
Interesting  pressure-sensitive  adhesives  (17).  Small  to  moderate  levels  of 
hydrogenation  (ca.  50  percent)  greatly  reduced  their  tack  and  ultimate 
elongation,  and  Increased  their  modulus  and  ultimate  stress  as  shown  In 
Figure  5.2-11,  The  change  In  solubility  parameter  that  occurs  as 
polylsoprene  Is  hydrogenated  to  poly( ethylene-propylene),  causes  the 
rejection  of  poly(TBS;  from  the  rubber  phase,  yielding  more  discrete 
domains  of  poly(TBS).  As  they  develop,  these  glassy  domains  act  as 
thermoplastic  physical  crosslinks  which  provide  the  observed  Improvements 
In  elastomeric  properties.  As  hydrogenation  and  phase  separation  proceed, 
the  polymer  perfects  Its  phase- separated  character  and  Is  capable  of 
supporting  ultimate  stresses  In  the  range  of  20  to  30  MPa,  similar  to 
previously  mentioned,  commercial,  thermoplastic  elastomers,  while  at  the 
same  time,  displaying  enhanced  high- temperature  transition  behavior.  The 
formation  of  a  higher  modulus  rubber  (as  judged  by  DMTA)  also  contributes 
to  the  development  of  enhanced  mechanical  strength  prior  to  falure.  At 
this  time  it  should  be  noted  that  these  block  copolymers  contain  only  10 
mol  percent  of  the  glassy  tie-phase,  in  constrast  to  conventional  triblock 
systems  which  typically  contain  15  to  20  mol  percent  or  more  of  the  glassy 
block.  It  Is  also  pointed  out  that  the  10  minute  permanent  set  (after 
rupture)  of  the  well -hydrogenated  samples  Is  approximately  7  to  8  percent. 
Thus,  hydrogenation  Is  able  to  produce  poly(TBS)-poly(ethylene-propylene) 
copolymers  of  not  only  good  strength,  but  also  of  reasonable  elongation 
with  good  recovery  after  large  deformations. 
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Table  5.2-1.  Glass  Transitions  of  Homopolymers  at  Characteristic  Molecular 
Weight  Values  (DSC,  10*C/m1n.) 


Poly(Tert-Butyl 

25,000  g/mol. 

141°C 

Styrene) 

Polylsoprene 

75,000  g/mol. 

-62°  C 

(Hydrogenated) 

75,000  g/mol. 

-61‘C 

Polylsoprene 
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Figure  5.2-10.  Influence  of  Hydrogenation  on  the  Dynamic  Mechanical 
Behavior  of  a  60  Weight  Percent  (%)  Poly(Tert-Butyl 
Styrene)-Polyisoprene  Block  Copolymer 
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Figure  5.2-11.  Stress/Strain  Relations  for  25TBS20K75I* 
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Other  strength  related  properties*  such  as  stress  at  100  percent  and  300 
percent  elongation*  follow  the  same  general  trends  as  elastic  modulus  and 
tensile  strength.  These  trends  are  summarized  In  Figure  5.2-12  for  elastic 
modulus  as  a  function  of  poly(TBS)  block  molecular  weight  and  percent 
hydrogenation.  This  property  response  surface  Indicates  the  general  trends 
that  were  observed  for  the  strength  related  properties  of  star-block 
copolymers  In  this  study.  The  property  Improves  as  a  function  of 
microphase  separation  due  to  hydrogenation  and  as  block  molecular  weight 
Increases.  Poly(TBS)  block  mol.  weights  greater  than  about  20*000  g/mol 
appear  to  result  In  property  decreases  due  to  Increases  In  rubbery 
(network)  chain  length  and  corresponding  decreases  In  physical  crosslink 
density  (star  branch  points).  The  Improvement  In  properties  observed  up  to 
20*000  g/mol  may  be  attributed  to  enhanced  phase  separation  that  occurs  as 
the  poly(TBS)  block  size  Increases. 

Stress  relaxation  experiments  were  also  performed  on  these  polymers*  as  a 
function  of  poly(TBS)  block  size  and  percent  hydrogenation,  to  determine 
their  ability  to  support  a  stress  over  extended  periods  of  time.  The 
series  of  curves  shown  In  Figure  5.2-13  Is  typical  of  the  response  of  these 
elastomers  to  strain  and  time.  The  shape  and  slope  of  these  curves 
strongly  suggests  their  ability  to  be  horizontally  shifted  to  form  a  time- 
degree  of  hydrogenation  master  curve.  This  master  curve  might  then  be  used 
to  predict  the  stress  at  extremely  long  times. 

5.2.4.  Conclusions.  Poly(t-butyl  styrene)-poly1soprene  star  block  polymer 
elastomers  were  studied  and  It  was  demonstrated  that  hydrogenation  appears 
to  Induce  a  much  greater  degree  of  microphase  separation  relative  to  the 
diene  precursor  as  evidenced  by  thermal-mechanical  properties  and  greatly 
Improved  stress-strain  behavior.  It  Is  suggested  that  this  Is  due  to  the 
similarity  In  solubility  parameters  between  the  ring  substituted 
polystyrene  «ud  polylsoprene  and  the  subsequent ally  lower  value  for  the 
derived  elastomeric  polyolefin. 

The  catalytic  hydrogenation  of  polylsoprene  containing  homopolymer  block 
copolymers  may  be  accomplished  In  a  clean*  well-defined  manner  with  no 
evidence  of  critical  chain  degradation*  and  thus  may  be  used  as  an 
additional  tool  In  the  synthesis  of  model  elastomers  and  thermoplastics. 
Novel  stiffening  of  the  hydrogenated  polylsoprene  was  observed  which  Is 
attributed  to  changes  In  chain  entanglement  coupling  density  (Me). 

In  samples  where  differential  scanning  calorimetry  (DSC)  transitions  are 
very  difficult  to  observe*  DWTA  has  been  found  to  be  an  expeclally  valuable 
technique  for  assessing  the  relaxation  characteristics  of  multiphase 
polymers  which  may  posses  a  broad  range  of  multiple-damping  phenomena 

Finally,  we  may  conclude  that  the  poly(TBS)-polyd1ene  block  systems  provide 
an  excellent  model  for  the  investigation  of  hydrogenation  Influences  on 
microphase  separation  phenomena  In  elastomers  and  related  materials. 
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5.3.  Investigation  of  Hydrocarbon-Soluble  Orqanollthlum  Initiators 
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5.3.1.  Introduction.  A  difunctional  anionic  Initiator  that  will 
polymerize  vinyl  and  diene  monomers  has  been  an  academic  as  well  as  a 
commercial  goal  In  elastomer  technology  since  pioneering  work  In  anionic 
polymerization  was  reported  30  years  ago  (1-9).  The  desire  to  prepare 
dlfunctlonal  reactive  oligomers  as  well  as  to  synthesize  triblock  or 
multi block  copolymers  has  been  an  Incentive  to  conduct  this  work.  One 
advantage  of  using  a  dlfunctlonal  anionic  Initiator  Is  that  triblock 
copolymers  can  be  synthesized  In  two*  or  possibly  only  one  monomer  addition 
step.  Thus*  If  the  center  block  Is  prepared  first*  followed  by  the 
subsequent  addition  of  a  second  monomer,  one  may  prepare  the  two  end  blocks 
concurrently.  A  second  feature  relates  to  functionalization  reactions* 
such  as  the  reaction  of  the  living  chain  ends  with  ethylene  oxide.  With 
proper  conditions*  perfectly  dlfunctlonal  linear  (f"2.Q)  hydrocarbon-based 
polyols  can  be  produced.  These  polydiene  oligomers  can  be  used  as  "soft" 
segments  In  chain-extended  high  molecular  weight  copolymers.  In  addition* 
hydrogenation  can  be  conducted  which  will  enhance  thermal  and  oxidative 
stability.  Dlfunctlonal  Initiators  also  are  Important  where  the  second 
monomer  Is  Incapable  of  reinitiating  tha  first  monomer  (e.g.*  diene  or 
styrenlc-methacryllc  systems).  Preparation  of  diene  polymers  displaying  a 
high  1*4  microstructure  has  also  emphasized  the  need  to  mvold*  or  at  least 
minimize,  polar  additives*  which  might  otherwise  solubilize  Md  enhance 
reactivity  In  these  systems. 

One  important  method  of  synthesizing  dlfunctlonal  or gano lithium  reagents 
has  been  by  addition  of  a  monofunctional  organollthluou  reagent  (such  as 
sec-butyl  lithium)  to  a  compound  that  contains  two  double  bonds  (10-12). 

The  dl vinyl  compound  should  have  reactive  double  bonds  which  are  not 
conjugated  with  each  other  In  order  to  allow  the  sites  to  react  essentially 
independently.  Equal  reactivity  Is  obviously  also  desirable.  In  addition, 
sterlc  and/or  electronic  structural  features  should  be  designed  into  the 
system  that  would  restrict  possible  oligomerization  of  the  diene  which 
could  result  In  either  a  gain  or  loss  of  perfect  dl functionality. 

The  use  of  1.3  dl vinyl  benzene,  ]*  as  a  possible  precursor  was  first 


1 

patented  by  Morrison  end  Kemlenskl  (13)  and  further  studied  by  Lutz  (14) 
and  Popov  (15).  Unfortunately*  this  compound  can  easily  oligomerize*  which 
leads  to  Ill-defined  functionalities  that  are  greater  than  two. 

Slgwalt  and  coworkers  (16,17)  describe  the  use  of  the  dlllthlum  Initiators 
formed  from  the  reaction  of  butylllthlum  with  bis  ( p-lsopropanyl -phenyl ) 
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alkanes  or  diphenyl -alkadienes  which  were  prepared  In  hydrocarbon  solvents 
without  polar  additives.  Unfortunately*  one  major  drawback  with  this 
system  Is  their  Insolubility  In  hydrocarbon  solvents.  They  also  reported 
using  an  excess  of  butyl lithium  which  would  clearly  result  In  diblock 
and/or  homopoTymer  contamination.  Moreover*  when  a  stoichiometric  amount 
of  the  simple  organollthlum  was  employed*  the  reaction  was  reported  to  not 
go  to  completion  even  after  1  week  at  room  temperature.  Nevertheless* 
these  Initiators  were  then  used  to  prepare  trl block  copolymers  of  styrene- 
Isoprene-styrone  and  styrene-butadiene-styrene.  Mechanical  properties  of 
these  copolymers  were  reported  to  be  comparable  to  those  for  commercial 
Kraton  standards. 

Another  precursor*  m-dllsopropenyl  benzene  (DIB)*  2,  has  been  reacted  with 
alkvlllthlums  to  form  a  soluble  dlfunctlonal  Initiator.  Foss  and  coworkers 
(18)  report  that  the  product  of  the  reaction  of  DIB  with  sec-butyl  lithium 
In  the  presence  of  a  small  amount  of  trl ethyl amine*  followed  by  reaction 


with  Isoprene  Improves  solubility  In  essentially  hydrocarbon  solvents.  The 
reaction  rate  Is  also  Increased  due  to  higher  solvent  polarity.  However* 
the  reported  polydl sparsity  of  the  resulting  polylsoprene  Is  broader  (Mw/Mn 
*  1.3)  then  for  typical  anionic  polymerizations.  Apparently*  the  presence 
of  higher  concentrations  of  the  amine  promotes  the  formation  of 
trl functional  species  In  addition  to  Increased  vinyl  content  In  polydienes. 
Cameron*  et  al.  (19).  have  also  Investigated  the  reaction  of  DIB  with 
butyl  lithium  In  benzene  or  cyclohexane.  Even  at  elevated  temperatures* 
purely  dlfunctlonal  species  did  not  result*  but  rather  a  mixture  of 
dlfunctlonal  and  polyfunction*!  products  was  observed.  Even  In  the 
presence  of  tertiary  amines*  the  products  were  similar.  They  concluded 
that  utilization  of  this  system  as  an  efficient  dlfunctlonal  anionic 
Initiator  should  be  considered  highly  suspect. 

In  constrast*  Lutz*  et  al.  (10)*  reached  a  completely  different  conclusion 
for  this  system.  They  state  that  In  benzene  solution*  a  dlfunctlonal 
Initiator  was  formed  even  without  added  polar  modifiers.  Also* 
polymerization  of  styrene  and  Isoprene  was  achieved.  Unfortunately*  their 
own  data  appear  to  Indicate  that  a  mixture  of  monofunctlonal *  dlfunctlonal* 
and  trl functional  species  were  observed  from  GPC  results.  Also*  an  excess 
of  sec-butyl lithium  was  added  to  Increase  yields  of  dlfunctlonal  species* 
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which  must  result  In  residual,  unreacted  sec-butyl  lithium  and 
precipitation. 

Tung  and  coworkers  (10-12)  reported  the  use  of  dl functional  Initiators 
based  on  soluble  difunctional  1 .1-dlphenyl ethyl enes  where  the  reactive 
double  bonds  are  separated  by  a  variety  of  moieties  such  as  p-phenyl, 
biphenyl.  p,p-b1 phenyl  ether,  and  m-phenyl.  These  dlvlnyl  compounds  when 
reacted  with  sec-butyl  1 1 thum  produce  a  dl lithium  Initiator  which  can  be 
used  for  block  copolymer  synthesis.  Hocker  and  lattermann  (21-22)  studied 
the  use  of  1,3-  and  1,4  b1s( phenyl ethenyl)  benzene  In  polycoasbl nation 
electron  transfer  reactions  to  form  multifunctional  lithium  species.  These 
compounds  do  not  homopolymerlze  under  normal  anionic  conditions.  More 
recently,  they  also  reported  (23-24)  that  the  meta  Isomer  will 
quantitatively  react  with  sec-butyl lithium  In  toluene  to  form  a  hydrocarbon 
soluble  dlllthlum  Initiator  which  Is  suitable  for  anionic  polymerizations. 

We  believe  these  latter  meta-llnkeri  soluble  dlfunctlonal  systems  have  high 
potential  as  dl functional  InltTatbrs  and  have  already  Independently 
reported  our  preliminary  resul ts_ at  several  meet1ngs_of  the  Polymer 
SI  vision  of  the  American  Chemical  Society  (£6-28).  This  paper  represents  a 
more  lorvml  contTTpTtTorf!  Our  work  has  largely  been  conducted  In 
cyclohexane,  which  though  klnetlcally  slower,  eliminates  the  possible 
metalatlon  side  reaction  of  the  benzyl  1c  methyl  group  of  toluene  (6)  which 
becomes  significant  at  elevated  temperatures. 

5.3.2.  Experimental.  Kinetic  and  mechanistic  studies  of  anionic 
polymerization  require  the  rigorous  purification  of  all  materials  used.  In 
fact,  results  and  conclusions  may  be  highly  dependent  on  experimental 
techniques.  Any  reactive  Impurities,  primarily  water  and  air,  must  be 
removed  from  monomers,  solvent.  Initiators,  and  glassware  by  appropriate 
purification  procedures. 

In  aeneral £4organol1thi urn  Initiators  were  used  at  concentrations  of  between 
10-a  to  10  *  M,  so  the  level  of  any  Impurities  which  could  react  with  the 
organollthlusTlnltlator  or  HvIngeChaln  end  must  be  kept  below  10”°  M.  An 
all  glass  high  vacuum  system  (10  a  torr)  employing  a  series  of  stopcocks 
similar  to  the  system  described  by  Morton  and  Fetters  (24)  and  our  owu 
studies  (7)  was  used  for  most  of  the  kinetic  studies  In  order  to  maintain 
these  reaction  conditions.  Premature  termination  of  the  active  species  was 
prevented  as  judged  by  the  generation  of  predictable  molecular  weights  and 
narrow  molecular  weight  distributions. 

Cyclohexane  Is  known  to  contain  traces  of  oleflnlc  Impurities  which  must  be 
removed  before  use.  Cyclohexane  (Phillips,  99  percent)  was  first  stirred 
over  concentrated  sulfuric  acid  (about  a  10  percent  solution)  for  at  least 
a  week  at  room  temperature.  This  removes  the  oleflnlc  Impurities  by 
converting  them  to  sulfonates  which  then  become  soluble  In  the  acid  layer. 
The  cyclohexane  layer  was  decanted  Into  a  round  bottom  flask  containing 
crushed  calcium  hydride.  It  was  then  distilled  Into  a  round  bottom  flask 
containing  a  sodium  dispersion  and  stirred  overnight  before  being  placed  on 
the  vacuum  line.  Following  the  degassing  procedure,  the  cyclohexane  was 
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distilled  Into  a  flask  containing  low  molecular  weight  polystyryl lithium 
which  has  a  characteristic  red  color  and  Is  used  simply  as  an  Indicator 
which  Insures  high  purity.  Cyclohexane  was  then  vacuum  distilled  from  this 
flask,  as  needed.  Into  various  reactors. 

A  variety  of  polar  compounds  were  Investigated  as  additives  to  study  the 
spectra  of  the  completely  reacted  dl functional  anionic  initiator.  In 

?eneral,  the  molar  ratio  of  organollthlum  to  polar  additive  was  0.2  or 
ess.  Purification  of  tetrahydrofuran  (THF)  Involved  distillation  from 
calcium  hydride  Into  a  flask  containing  the  purple  colored  complex  formed 
from  the  addition  of  benzophenone  to  sodium  dispersion  and  was  then 
distilled  as  needed. 

The  reduced  volatility  and  Increased  reactivity  of  some  of  the  other  polar 
additives  such  as  trlethylaalne  (TEA)  and  tetramethyl ethylene  diamine 
(THEDA)  required  utilization  of  alternate  procedures.  These  amines  were 
first  stirred  over  crushed  calcium  hydride  overnight  In  a  round-bottom 
flask  equipped  with  a  drying  tube  and  then  distilled  under  high  vacuum  at 
room  temperature.  The  purified  distillate  was  then  split  down  Into 
ampules.  Dlplperldlnomethane  and  1,2-dlplperfdlnoethane  (DI-PIP)  (Aldrich, 
98  percent)  were  purified  using  an  analogous  procedure. 

The  purification  of  sec-butyl  lithium  (Lithium  Corp.,  1.4N  In  cyclohexane) 
was  necessitated  by  the  fact  that  the  commercially  available  material 
contains  varying  amounts  of  alkoxlde  Impurities,  which  may  alter  the 
reaction  kinetics,  mlcrostructure  and  copolymerization  parameters. 
Purification  was  achieved  by  distillation  (after  removal  of  solvent)  under 
high  vacuum  (<10~*  torr)  at  6S°C.  The  purified  sec-butyl  lithium  was 
diluted  with  cyclohexane  and  also  split  down  Into  ampules. 

The  1 »3-b1s( phenyl othenyl )  benzene  (DOPE)  4  was  provided  by  Dow  Chemical 
Co.  as  a  yellow  liquid  which  upon  standing "will  slowly  crystallize.  The 
resulting  yellow  crystals  are  quite  oxygen  sensitive  and  were  further 
purified  before  use.  An  effective  purification  method  was  to  distill  from 
n-butyl  lithium  under  high-vacuum  conditions.  Distillation  at  about  140°C 
yields  a  clear,  colorless  liquid.  Transferring  the  desired  amount  to  a 
second  flask  followed  by  dilution  with  a  measured  amount  of  cyclohexane 
under  vacuum  and  splitting  down  Into  ampules  yields  the  final  solution  of 
approximate  concentration.  The  purity  of  the  white  crystallized  solid  was 
also  verified  by  differential  scanning  calorimetry  (DSC).  A  sharp  melting 
point  at  39-4Q°C  was  observed. 

An  all-glass  reactor  was  used  for  studying  the  kinetics  of  the  reaction 
between  sec-butvl lithium  and  DOPE  under  high  vacuum  conditions.  The 
reactor  Illustrated  In  Figure  5.3-1  was  divided  Into  two  sections,  one 
being  the  main  reactor  and  the  other  the  purge  section  as  described  earlier 
(7,24).  The  former  consisted  typically  of  a  500  ml  round  bottom  flask  to 
which  two  side  arms  have  been  attached.  These  side  arms  allow  various 
ampules  or  dllatometors  to  be  attached.  Two  break  seals  were  provided 
which  allowed  for  addition  of  additional  solvent  or  attachment  of  more 
ampules  which  may  contain  the  various  polar  additives.  Two  quartz 
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UV/VIsIbl «t  cells  of  10  m  and  1  raw  path  lengths  ware  attached  at  the  top  of 
the  reactor*  which  allows  a  spectrum  to  be  obtained. 

The  purge  system  consists  typically  of  a  200  ml  round-bottom  flask  which 
contained  a  solution  of  n- butyl  lithium  In  cyclohexane  In  a  side  arm.  This 
solution  was  used  to  condition  the  main  reactor  and  to  thus  remove  any 
reactive  impurities  from  the  surface  of  the  flamed  glassware.  The  reactor 
was  assembled  by  heat  sealing  on  the  reagent  ampules  containing  the  DOPE* 
sec-butyl lithium*  the  wash  n-butyl lithium  and  If  desired,  any  polar 
additives.  Magnetic  stirring  bars  were  used  as  the  break  nails.  After 
several  rinses  with  cyclohexane,  complete  removal  of  the  excess 
butylllthlum  from  the  glassware  was  achieved.  Then*  the  desired  amount  of 
cyclohexane  was  distilled  from  the  purge  system  to  the  main  reactor. 
Subsequently,  the  solutions  were  cooled  and  the  purge  section  was  heat 
staled  from  the  main  reactor. 

The  main  reactor  was  placed  in  a  circulating  water  bath  which  had  Its 
temperature  controlled  to  t0.1°C,  until  the  cyclohexane  has  reached  the 
desired  temperature.  When  this  was  achieved,  the  two  ampules  containing 
the  two  reagents  were  broken  via  the  break  seal  and  were  allowed  to  mix  In 
the  reactor.  Thorough  mixing  of  the  two  reagents  was  achieved  by  shaking 
the  reactor  and  distilling  solvent  gently  Into  the  ampules. 

A  series  of  llV/VIsIble  spectra  were  taken  at  specified  times  during  the 
reaction  by  Inverting  the  reactor  and  placing  the  then-filled  quartz  cells 
In  the  spectrophotometer.  A  Ferkln-Elmer  (Model  552)  microprocessor 
controlled  UV/VIsIble  spectrophotometer  equipped  with  a  Model  C  550-0555 
thermoelectrical ly  controlled  cell  was  used  for  this  analysis.  Spectra 
were  obtained  by  scanning  from  650  to  190  nanometer  (run)  at  120  nm  per 
minute. 

Though  quite  sensitive,  the  UV/VIsible  method  does  not  distinguish  between 
the  monoanion  and  dlanlon  reaction  products.  Therefore,  complementary  gas 
chromatography  (GC),  FT-1R  and  AH-NMR  methods  were  utilized  employing  a 
high-pressure  nitrogen  polymerization  reactor  (25).  A  schematic  diagram  of 
the  high  pressure  nitrogen  reactor  Is  shown  In  Figure  5.3-2.  In  this  case, 
the  desired  amounts  of  DOPE  and  sec-butyl  lithium  solutions  were  added  to 
the  reactor  continuing  cyclohexane  via  syringe  through  the  Initiator  Inlet. 
Samples  were  removed  from  the  reactor  at  specific  times  during  the 
reaction.  The  samples  were  terminated  with  purged  methanol  and  then 
analyzed  via  gas  chromatography  (GIC),  FT-IR  TNIcolet  MX-1)  and  proton  NMR 
(IBM  270  MHz). 

Initially  a  Gow-Mac  series  550  GLC  equipped  with  a  thermal  conductivity 
detector  was  utilized.  The  detector  and  Injector  temperatures  were  both 
sat  at  25Q°C  and  the  column  was  maintained  at  220°C.  Helium  was  used  as 
the  carrier  gas  with  a  flow  rate  of  80  ml  per  minute  through  the  column. 

The  column  was  a  4  foot  by  V  Inch  aluminum  column  packed  with  3  percent  0V- 
101  on  100/120  mesh  Anachrom/acrylonltrl la-butadiene- styrene  (ABS). 
Subsequently,  studies  with  a  more  sensitive  Varlan  Model  6000  equipped  with 
a  capillary  column  were  conducted. 
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5.3.3.  Results  and  Discussion.  Several  aspects  of  anionic  polymerization 
were  of  '  terest  in  the  current  Investigations.  Firstly,  the  kinetics  of 
the  reaction  between  sec-butyl  lithium  and  DOPE  was  studied  as  outlined  In 
Scheme  5.3-1. 


Secondly,  the  effect  of  polar  additives  on  the  nature  of  vhe  Ion  pair  of 
the  dl lithium  species  was  Investigated  by  observing  the  wavelength  shift  of 
the  anion  as  a  function  of  concentration  of  the  additive.  Thirdly,  this 
Initiator  5  was  used  to  polymerize  butadiene  and  Isoprene  for  purposes  of 
synthesizing  hydrocarbon  polyols  and  triblock  copolymers  based  on 
hydrocarbon  monomers,  and/or  alkyl  methacrylates. 

Kinetic  experiments  were  first  conducted  under  high-vacuum  conditions 
utilizing  the  glass  apparatus  previously  described  In  the  experimental 
section.  Spectroscopic  analysis  of  the  reaction  mixture  shows  two  peaks  of 
Interest.  One  Is  centered  at  about  227  nu  and  assigned  to  the  unreacted 
nonconjugated  DOPE  4  which  decreases  with  time.  The  other  at  about  430  run 
Is  assigned  to  the  combined  monoanion  and  dianion  5  species.  The  latter 
increases  with  time  and/or  reaction  temperature.  Figure  5.3-3  shows  a 
series  of  UV/VIsIble  spectra  overlayed  which  were  measured  with  the 
taction  temperature  maintained  at  18°C.  The  reaction  Is  quite  slow  at 
this  temperature  and  requires  about  8Q  hours  for  complete  reaction,  as 
-.Idenced  by  the  time  to  obtain  maximum  absorbance  at  430  run.  Reactions 
were  also  conducted  at  several  temperatures  using  identical  concentrations 
of  reactants.  Figure  5.3-4  shows  the  disappearance  of  DOPE  as  a  function 
of  reaction  time  at  the  indicated  reaction  temperatures.  As  expected,  the 
reaction  rate  Increases  with  increasing  temperature  and  one  may  note  that 
the  reaction  is  complete  In  cyclohexane  after  only  two  hours  at  60°C. 

Similar  results  were  obtained  by  following  the  appearance  of  the  anionic 
species  at  430  nm.  However,  due  to  the  Insensitivity  of  this  spectroscopic 
method  (l.e.,  there  are  apparently  not  separately  distinguishable 
absorbance  peaks  for  the  monoanion  and  dlanlon)  only  an  overall  kinetic 
analysis  of  the  reaction  is  possible  via  UV-VIS. 


If  a  consecutive  reaction  mechanism  is  postulated  such  as  Illustrated  In 
equation  (1)  and  (2),  k, 

DOPE  +  sec-butyl  LI  ■  ■="-->  Monoadduct  (1) 

k2 

Monoadduct  +  sec-butyl  LI  — - — ►  Dl adduct  (2) 

the  kinetic  expressions  for  each  component  of  Interest  could  be  given  In 
general  form  as:  -d(ODPc)  „ 

-  »  k,[DDPE]a[L1]e  (3) 

dt  1 


d[Mono] 


kgLMono^CUl^-kjCDDPE^CLI]^ 


dt 


(4) 


L3-BISQ-PHENYLETHENYL) 
BENZENE  ABSORBANCE 


•  18°  C 


Figure  5.3-4. 


Absorbance  of  1,3  B1 s( 1-Phenyl ethenyl )  Benzene  at  227.5  nm 
as  a  Function  of  Reaction  Time  at  Various  Temperatures 
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where  [Mono]  and  [D1]  refer  to  the  concentrations  of  the  monoadduct  and 
diadduct,  respectively. 


Equations  (4)  and  (S)  cannot  easily  be  directly  evaluated.  However,  one 
notes  from  Figure  5.3-3  that  an  absorbance  peak  attributed  to  ODPE  Is  well 
separated  fro*  the  anions,  which  allows  for  kinetic  evaluation  of  at  least 
the  first  step  of  the  reaction. 

Using  equations  (l)-(3),  souse  assumptions  must  be  made  regarding  the  order 
of  the  reaction.  Realistic  test  orders  In  ODPE  concentration  as  one  (19) 
and  one  quarter  (20)  In  sec-butyl  lithium  concentration  were  assumed. 
Secondly,  since  sac-butyl  lithium  cannot  be  observed  spectroscopically.  Its 
concentration  term  was  equated  with  the  DOPE  concentration  as  Indicated  In 
equation  (6), 

[sec-butyl  LI]  •  2[DDPE]  (6) 


Making  these  substitutions  Into  equation  (1)  and  simplifying  affords: 


d[DDPE] 

dt 


2  kj[DDPE]1*25 


(7) 


which  when  Integrated  over  the  appropriate  limits  yields 

1 

-  *  kx  t  (8) 

[DOPE]0*25 


This  equation  was  used  to  first  confirm  the  validity  of  the  Initial 
assumptions  and  secondly  to  evaluate  the  apparent  global  rate  constant. 

Figure  5.3-5  shows  the  Influence  of  temperature  on  the  disappearance  of 
DOPE  obtained  using  the  UV/VIsIble  method,  it  is  consistent  with  first 
order  reaction  kinetics.  In  terms  of  DDPE  concentration.  Straight  line 
behavior  Is  observed  at  all  reaction  temperatures.  This  plot  supports  one 
of  our  first  assumptions,  that  the  reaction  should  be  first  order  In  DDPE 
concentration.  Figure  5.3-6  Illustrates  a  pA0£5of  equation  (8)  where  the 
Initiator  concentration,  expressed  as  [DDPEju*  ,  Is  plotted  versus 
reaction  time.  Here  aga4n,  at  all  temperatures  straight  line  behavior  Is 
observed  and  a  correlation  coefficient  >0.99  was  calculated.  This, 
demonstrates  that  our  assumption  uf  the  one-quarter  reaction  order  In  sec- 
butyl  lithium  concentration  was  reasonable.  Other  orders  were  tested  and 
did  not  yield  as  good  a  fit.  The  slope  of  these  straight  lines  then  Is  a 
direct  measure  of  the  apparent  rate  constant  of  this  reaction  at  each 
temperature. 


To  further  evaluate  the  k1m.c1c  analysis,  the  rate  constants  at  each 
temperature  were  plotted  versus  reciprocal  temperature  as  shown  In  Figure 
5.3-7.  A  straight  line  was  again  obtained  as  evidenced  by  the  high 
correlation  coefficient  (>0.99).  The  slope  of  this  line  Is  proportional  to 


Figure  5.3-6.  Relationship  Between  Initiator  Concentration  and  Reaction 
Time 


the  energy  of  activation  which  was  calculated  to  be  about  78.5  (kJ/mole)  or 
19  kcal/mole  In  cyclohexane. 

Additional  kinetic  studies  utilized  reactions  conducted  In  the  pressure 
reactor  In  conjunction  with  analytical  data  obtained  by  gas  liquid 
chromatography  GLC*  FT-IR  and  *H-N MR.  Both  FT-IR  and  'H-NMR  at  first 
glance  appear  to  be  effective  Methods  for  studying  this  reaction  by  either 
following  the  disappearance  of  carbon-carbon  double  bond  stretching  In  the 
IR  or  the  disappearance  of  vinyl  protons  In  the  NWt.  However* 
distinguishing  the  double  bonds  of  the  monoadduct  and  starting  Material  Is 
Impossible. 

On  the  other  hand*  gas  chroMatography  affords  one  the  ability  to  separate 
all  components  of  Interest  since  the  boiling  points  of  the  three  components 
of  Interest  are  different  from  one  another. 

Figure  5.3-8  shows  three  overlayed  chromatograms  taken  at  different  times 
during  the  reaction.  The  first  unattenuatad  peak  decreases  with  reaction 
time  and  Is  due  to  unreacted  DOPE.  The  last  eluting  peak  Is  assigned  to 
the  terminated  dlanlon  species  which  Increases  with  reaction  time.  The 
Intermediate  peak  Is  attributed  to  the  terminated  monoadduct.  The  peak 
assignments  were  verified  by  primarily  Injecting  standards  of  known 
structure.  The  unreacted  dl vinyl  material  was  easily  idantlfled  by 
Injecting  a  solution  of  the  purified  DOPE  In  cyclohexane. 

The  dl adduct  standard  was  prepared  by  adding  a  one  molar  excess  of  sec- 
butyl  lithium  to  POPE  In  cyclohexane  which  maximized  the  formation  of  the 
diadduct.  The  reaction  product  was  washed  with  water*  dried*  dissolved  In 
cyclohexane  and  Injected  on  the  gas  chromatograph. 

The  monoadduct  Is  more  difficult  to  prepare.  Statistically,  addition  of  1 
mole  sec-butyl  lithium  to  1  mole  of  DOPE  should  produce  primarily  the 
monoadduct.  However,  If  the  reaction  is  conducted  In  cyclohexane, 
predominantly  the  diadduct  and  unreacted  DOPE  are  observed  as  major 
products  In  the  reaction.  Remarkably,  conducting  the  same  reaction  In 
tetrahydrofuran  (THF)  at  -78*C  produces  the  monoadduct  In  about  90-95 
percent  purity  as  evidenced  by  GC  analysis.  This  solution  was  then  used  to 
identify  the  monoadduct  peak.  To  confirm  the  Identification  of  all  the 
components  of  Interest,  small  amounts  of  the  standards  were  spiked  Into 
samples  taken  during  a  kinetic  run. 

Figure  5.3-9  shows  the  concentration  of  all  species  of  Interest  plotted 
versus  reaction  time.  This  Is  clear  evidence  for  a  consecutive  reaction 
mechanism.  It  Is  of  Interest  to  note  that  the  concentration  of  the 
monoadduct  remains  relatively  low  throughout  the  reaction. 

From  this  Initial  a^lysls  some  Interesting  observations  cars  be  made. 

Figure  5.3-10  shows  a  ccwputar-generated  plot  for  a  consecutive  reaction 
mechanism  where  the  second  rate  constant  was  assumed  to  be  an  order  of 
magnitude  larger  than  the  first  rate.  A  good  correlation  with  GLC  and  'H- 
NMR  data  was  obtained.  This  Indicates  that  In  cyclohexane  the  two  rate 
constants  are  clearly  not  equal.  Interpretation  as  to  why  the  second 
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Figure  5.3-10.  Calculated  Kinetic  Data. 
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adduct  Is  formed  at  such  greatly  enhanced  rates  has  not  been  firmly 
established.  However,  we  suggest  that  chain  end  association  (3,6,7)  Is 
Involved.  For  example,  preliminary  reaction  measurements  In  partially 
polar  solvents  (29)  are  quite  different. 

A  second  area  of  Interest  Is  in  fact  to  study  the  effect  of  polar  additives 
on  the  UV/VIsIble  spectra  of  the  dlanlonlc  species.  This  was  easily 
accomplished  by  attaching  an  ampule  which  contains  the  additive  to  the 
glass  reactor  assembly  which  was  then  added  to  a  completed  reaction  from 
the  kinetic  study. 

A  shift  to  higher  wavelengths  was  observed  after  addition  of  each  of  the 
additives  and  the  magnitude  of  this  shift  was  dependent  on  the  relative 
solvating  power  (resulting  dielectric  constant  of  the  solvent  system)  of 
the  additive.  Table  5.3-1  summarizes  the  results  for  the  variety  of 
additives  tested.  One  may  notice  that  the  more  powerful  solvating  liquids 
(30)  show  a  shift  to  higher  wavelengths.  These  results  are  Interpretable 
In  terms  of  the  structure  of  the  Ion  pair  which  Is  empllfled  by  the  typical 
Wlnsteln  spectrum  where  a  series  of  equilibria  probably  exists  between 
tight  Ion  pairs,  loose  Ion  pairs,  and  perhaps  free  Ions.  A  major  factor 
Influencing  this  series  of  equilibria  Is  the  dielectric  constant  of  the 
solvent.  Thus,  the  higher  dielectric  constant  solvents  raise  the 
concentration  of  the  various  Ion  pairs  and  free  Ions  and  a  shift  to  higher 
wavelengths  Is  observed.  This  behavior  can  be  explained  In  terms  of  the 
relationships  between  frequency  and  energy.  In  nonpolar  solvents,  tight 
Ion  pairs  are  favored.  Since  these  species  are  relatively  energetic 
species,  higher  energy  radiation  Is  required  to  observe  a  transition, 
hence,  the  observed  transition  occurs  at  a  lower  wavelength.  As  conditions 
are  modified  to  favor  the  lower  energy  species,  the  observed  transition 
shifts  to  higher  wavelengths. 

Another  major  objective  of  our  work  was  to  use  this  dl functional  Initiator 
to  polymerize  diene  and  styrene  based  monomers.  Initial  experiments  were 
directed  towards  polymerizing  butadiene  to  high  molecular  weight  In  the 
nitrogen  pressure  nitrogen  reactor.  This  was  most  convenient  since  samples 
could  be  removed  from  the  reactor  during  the  reaction  as  a  function  of 
time,  etc.  Figure  5.3-11  shows  two  size  exclusion  chromatograms  of  samples 
taken  from  the  reactor  during  and  after  the  polymerization  was  complete. 

The  narrow  peak  at  high  elution  volumes  (lower  molecular  weight) 
corresponds  to  a  sample  taken  during  the  polymerization.  Notice  the  narrow 
molecular  weight  distribution  which  Is  typical  for  anionic  polymerizations. 
However,  after  the  polymerization  reaches  quantitative  conversions  the 
molecular  weight  distribution  apparently  broadens  considerably  as  evidenced 
by  the  second  peak  at  low  elution  volumes.  It  Is  suggested  that  at  60*C, 
the  dl anion  chain  end  Is  less  stable  after  all  of  the  monomer  Is  consumed. 
Partial  elimination  of  lithium  hydride  could  generate  a  diene-like  species 
capable  of  reacting  with  residual  living-ends,  to  generate  the  broader, 
possibly  branched  structure.  Additional  results  In  this  area  will  be 
reported  later  (29).  Table  5.3-2  summarizes  the  size  exclusion 
chromatography  (SEC)  results  on  several  polybutadiene  samples  taken  as  a 
function  of  reaction  time.  Again,  narrow  molecular  weight  distributions 
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Table  5.3-1. 


Effect  of  Polar .Additives  on  the  UV-VIsIble  Spectra  of  the 
Dlllthlo  An1onu; 


Component 

WNM) 

WH> 

01 anion 

430 

— 

01 anion  +  TEA 

462 

32 

Dlanlon  +  THF 

465 

35 

01 anion  +  01 pi p( ethane) 

466 

38 

Dianion  +  Dlplp(methane)^ 

— 

— 

Dlanlon  +  TMEDA(Z) 

m  m 

(1)  Molar  ratio  of  additive  to  chain  end  was  SO. 2 

(2)  Premature  termination  was  observed. 
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Figure  5.3-11.  Size  Exclusion  ChroRtatograms  of  Narrow  Distribution 

Polybutadiene  and  Broadened  Species  Obtained  after  Aging  at 
60°C 
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Table  5.3-2.  Influence  of  Reaction  Time,  Conversion  cr<d  Poly butadiene 
Olanfon  Aging  Time  at  6Q*C  on  Rn  and  Polydlsperslty 


Reaction  Tine 

Rn 

Poly- 

01  sperslty 

10  Min 

26,700 

1.16 

20  Min 

54,200 

1.09 

30  Min 

70,300 

1.12 

60  Min 

86,400 

1.28 

90  Min 

86,700 

1.64 

180  Min 

115,600 

1.58 

*  lot  solids  (weight  to  weight) 
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are  maintained  initially,  while  later,  broadening  of  the  distribution 
occurs.  As  judged  by  the  predicted  An,  the  branching  probably  occurs  when 
little  or  no  monomer  is  present. 

Triblock  copolymers  of  styrene  and  Isoprene  (S-I-S)  or  butadiene  (SBS)  were 
synthesized  using  this  dl functional  initiator.  A  one-step  synthesis  was 
utilized  wheraln  both  monomers  were  charged  at  the  same  time.  This  method 
takes  advantage  of  reactivity  ratio  differences  between  dienes  and  styrene 
(2-7).  In  cyclohexane,  the  center  blcck  of  diene  Is  substantially 
polymerized  first  followed  by  the  two  styrene  end  blocks.  Because  both 
monomers  are  added  simultaneously,  a  tapered  trl block  copolymer  structure 
Is  expected  (8,10). 

Size  exclusion  chromatography  of  this  copolymer  showed  a  single  monomodal 
peak  and  a  narrow  molecular  weight  distribution,  clearly  indicating  the 
absence  of  hcmopolymer  and  diblock  contamination.  Dynamic  mechanical 
thermal  analysis  (DMTA)  of  a  typical  SIS  copolymer  (Figure  5.3-12)  shows 
behavior  typical  of  thermoplastic  elastomers;  namely  separate  glass 
transitions  (Tg's)  for  both  the  Isoprene  and  styrene  phase  and  the  presence 
of  an  extended  rubbery  plateau  which  Indicated  a  phase- separated  system. 
Further  work  on  the  synthesis,  structure  and  property  behavior  of  these 
elastomers  Is  continuing.  In  particular,  hydrogenation  of  the  polydiene 
blocks  is  of  interest. 


SIS(15x70k15k) 


Figure  5.3-12.  Dynamic  Mechanical  Behavior  of  an  S-I-S  Triblock  Copolymer 
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5.4.  Ion-containing  Block  and  Random  Copolymers 

5.4.1.  Introduction.  Ion-containing  polymers  (1onomers)  are  receiving 
ever  Increasing  attention  due  to  the  dramatic  effects  that  small  amounts  of 
Ionic  groups  exert  on  polymer  properties  (1-4).  Increases  In  tensile 
strength*  modulus*  melt  and  solution  viscosity*  glass  transition 
temperature*  and  a  broadening  of  the  rubbery  plateau  are  some  of  the  major 
changes  that  occur  when  Ionic  groups  are  Incorporated  Into  polymers.  The 
extent  of  property  modification  depends  generally  on  the  type*  amount,  and 
distribution  of  ionic  groups  In  the  polymer.  Although  utilization  of  a 
wide  variety  of  Ionic  groups  Is  possible*  carbo*y> >s  and  sulfonates  have 
thus  far  received  considerable  attention.  Polymer  backbones  modified  most 
widely  Include  polyethylene*  polystyrene*  polyacrylates*  polypentenamers, 
ethylene- propylene-diene  terpolymers  and  polysulfones  (4-9).  However*  the 
major  difficulty  In  this  field  Is  the  lack  of  available  synthetic  methods 
that  would  lead  to  the  preparation  of  well-defined  lonomerlc  structures. 

Ion-containing  polymers  are  prepared  via  two  fundamentally  different 
approaches.  The  first  method  Involves  a  postpolymerization  reaction  In 
which  the  Ionic  group  Is  "grafted"  onto  a  preformed  polymer  (4,10*11)* 
whereas  In  the  second  method  a  vinyl  monomer  Is  directly  copolymerized  with 
an  unsaturated  acid  or  salt  derivative.  Another  possibility,  which  In  fact 
Is  a  combination  of  the  above  two  approaches.  Is  to  copolymerize  two 
covalent  monomers  and  then  derlvatlze  one  by,  for  example*  ester  hydrolysis 
(12).  Carboxylated  lonomers  are  generally  synthesized  by  the  direct 
copolymerization  of  acrylic  or  methacryllc  acid  with  vinyl  monomers.  The 
copolymers  produced  are  then  either  partially  or  completely^ neutral l££d 
with  bases  to  incorporate  the  various  counterions  (e.g.*  Na  ,  K  ,  Zn  , 
etc.)  Into  the  system.  Sulfonate  groups  are  most  often  Introduced  Into  the 
polymer  backbone  via  postpoiymerlzatlon  reactions  using  sulfonatlng  agents 
such  as  acetyl  sulfate  or  SO^/trlethyl phosphate  complex  In  a  suitable 
solvent  (4*10,11).  The  sulfonic  acid  groups  Introduced  Into  the  polymer 
backbone  are  then  neutralized.  This  method  of  sulfonatlon  Is  difficult  and 
Is  limited  to  only  backbones  which  provide  suitable  sites  for  sulfonatlon. 
Therefore,  although  sulfonated  lonomers  reportedly  exhibit  association 
properties  far  superior  to  carboxylated  systems  (4),  relatively  limited 
work  appears  In  the  literature  on  the  direct  synthesis  of  sulfonated 
lonomers  from  the  respective  monomers  (13*14). 

The  synthesis  routes  discussed  above  usually  result  In  random  placement  of 
Ionic  groups  along  the  polymer  backbone*  thus  making  characterization  and 
Interpretation  of  structure-property  studies  quite  difficult.  Previous 
work  on  the  synthesis  of  well-defined  block  and  graft  lonomers  based  on 
polystyrene  and  poly(2-  or  4- vlnylpy riding)  iiavt  heu*  done  by  Selb  and 
Gal  lot  (15*16).  They  have  synthesized  tnese  copolymers  via  anionic 
polymerization  at  -70°C  using  dlphenylmethylsodlum  as  the  Initiator  in  THF. 
They  have  also  Investigated  the  solution  behavior  of  the  resulting  lonomers 
after  quaternlzatlon  (17).  More  recently  Gauthier  and  Elsenberg  (30)  have 
demonstrated  the  synthesis  of  styrene-vinylpyrldlnlum  ABA  block  lonomers 
and  studies  their  thermal  and  mechanical  properties.  Recent  work  wl ■  so- 
called  telechellc  lonomers,  where  the  Ionic  groups  are  located  on?.)  at  the 
chain  ends,  may  also  simplify  this  characterization  problem  (1.8-21). 
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We  are  currently  exploring  new  routes  to  the  synthesis  of  lonomers  with 
controlled  architecture.  I.e.,  with  control  over  the  amount  and  location  of 
Ionic  groups  In  the  polymer  backbone.  One  of  our  main  Interests  Is  the 
synthesis  of  Ion  containing  block  copolymers.  The  applicability  of  anionic 
polymerization  In  the  synthesis  of  block  copolymers  and  other  well-defined 
model  systems  Is  well  documented  (22-24).  Not  as  well  appreciated, 
however.  Is  the  blocky  nature  that  certain  emulsion  copolymer!  zatlons  may 
provide.  Thus,  we  have  utilized  both  anionic  and  free  radical  emulsion 
polymerization  In  the  preparation  of  model  lonomers  of  controlled 
architecture.  In  this  section,  the  synthesis  and  characteristics  of 
sulfonated  and  carboxyl ated  block  lonomers  by  both  free  radical  emulsion 
and  anionic  polymerization  followed  by  hydrolysis  will  be  discussed. 

5.4.2.  Experimental. 

5.4.2. 1.  Emulsion  copolymerization.  Sod 1 urn- p- styrene  sulfonate  (SST)  was 
supplied  by  Exxon  Research  and  Engineering  Co.  and  used  without  further 
purification.  n-Butyl  acrylate  was  a  product  of  Polysciences,  Inc.  and  was 
passed  through  a  column  of  neutral  alumina,  twice,  before  use  to  remove  the 
Inhibitor.  Potassium  persulfate  and  sodium  bl sulfate  were  recrystallized 
from  distilled  water  and  dried  under  vacuum.  Nonionic  emulsifier  (ATLOX 
8915  TF)  was  a  product  of  ICI  Americas  Inc.  1-Dodecanethlol  (Aldrich)  was 
used  as  the  chain  transfer  aguit.  Double-distilled  and  deoxygenated  water 
was  used  throughout  the  emulsion  reactions. 

Copolymerizations  were  carried  out  In  a  4-necked,  250  ml  round  bottom  flask 
fitted  with  a  mechanical  stirrer,  condenser,  thermometer,  and  gas  (Nt) 
Inlet.  Temperature  was  controlled  In  the  60-70*0  range  and  the  reaction 
times  were  varied  between  5  and  24  hours.  The  emulsion  recipe  used  Is 
given  In  Table  5.4-1* 

At  the  end  of  the  reactions  the  stable  latex  obtained  was  poured  Into 
teflon-coated  aluminum  pans  and  dried  in  an  air  oven.  The  products  were 
then  dissolved  In  THF  and  coagulated  In  a  methanol /water  mixture  several 
times,  before  final  drying. 

5. 4.2. 2.  Anionic  copolymerization.  Anionic  techniques  were  used  to 
synthesize  the  block  polymers  which  function  as  precursors  to  Ion- 
containing  block  polymers.  Monomers  were  carefully  dried  by  repeated 
vacuum  distillation  from  CaH».  Distillation  from  dibutyl  magnesium  was 
also  utilized  for  the  final  purification  of  the  hydrocarbon  monomers, 
styrene  and  diphenyl  ethylene.  The  methacrylate  monomers  may  also  be 
finally  purified  via  the  trialkyl  aluminum  approach  (25),  although  this  was 
not  necessary  as  the  Rohm  &  Haas  Iso-butyl  methacrylate  (IBMA)  used  in  this 
study  proved  to  be  exceedingly  pure.  THF  was  dried  by  double  distillation 
from  sodlum/benzophertone  complex. 

Block  polymerizations  were  conducted  In  THF  at  -78°C  under  an  Inert 
atmosphere.  The  polymerization  route  employed  Is  shown  In  Scheme  5.4-1. 
Typically,  the  styrene  monomer  was  charged  into  the  polymerization  reactor 
with  THF,  followed  by  rapid  addition  of  sec-butyl  lithium.  The  polystyryl 
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Table  5.4-1*  Typical  Emulsion  Copolymerization  Recipe 
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Scheme  5.4-1.  Anionic  Synthesis  of  Styrene/ I BWA  Block  Copolymer 
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lit  hi  un  «ms  then  “capped"  with  1*1- diphenyl  ethylene  to  form  less  basic* 
nore  hindered  anions  so  as  to  avoid  deleterious  side  reactions  to  the 
methacrylate  carbonyl.  Just  before  the  addition  of  methacrylate  monomer 
(IBMA),  a  small  amount  of  capped  polys tyryl  lithium  was  removed  for  GPC 
analysis.  Termination  was  performed  several  minutes  after  the  addition  of 
the  methacrylate  monomer*  using  a  methanol /acetic  acid  mixture.  The 
polymers  were  generally  Isolated  by  precipitation  In  methanol.  During  the 
synthesis  reactions  molecular  weights  (Hn)  of  the  polystyrene  and  poly(1so- 
butyl)  methacrylate)  blocks  kept  constant  at  40*000  and  10,000  g/mole 
respectively. 

After  drying  this  block  polymer  precursor*  partial  hydrolysis  of  the 
methacrylate  block  lead  to  the  Ion-containing  block  coploymer.  The 
hydrolysis  route  Is  shown  in  Scheme  5.4-2.  The  hydrolysis  method  employed 
utilized  potassium  superoxide  as  a  general  route  to  ester  cleavage  to 
generate  In  a  direct  fashion  potassium  carboxyl ate  unit. 

Typically,  the  copolymer  Is  dissolved  In  a  mixed  solvent  system  such  as 
THF/D1 methyl  sulfoxide  or  Toluene/DMSO.  A  three-fold  excess  of  powdered 
K0«  (Alfa)  Is  then  added.  Reaction  time  and  temperature  depend  on  degree 
of  cleavage  desired  as  well  as  the  type  and  nature  of  the  ester  alkyl 
group.  The  reaction  is  quenched  with  water.  The  Ion-containing  block 
copolymer  Is  then  reprecipitated  and  dried. 

5.4.2. 3.  Characterization  of  products.  Intrinsic  viscosities  were 
determined  In  THF  at  25aC  using  Ubbelohde  viscometers.  Molecular  weights 
were  also  analyzed  using  a  Maters  150C  GPC  with  mlcrostyragel  columns* 
although  Bondagel  columns  were  used  In  some  experiments.  Thermal 
characterization  of  the  products  was  performed  on  a  Parkin  Elmer  Thermal 
Analysis  System  2.  Tg's  were  determined  by  DSC  with  a  heating  rate  of 
10"C/m1nute.  TMA  penetration  curves  were  obtained  with  a  constant  load  of 
lOg  and  heating  rate  of  10°C/m1nute.  Stress-strain  tests  were  carried  out 
using  an  Instron  Model  2211  Tester.  Dog-bone- shaped  samples  were  punched 
out  of  compression  molded  polymer  films  using  standard  dies.  Tests  were 
performed  at  room  temperature  with  a  crosshead  speed  of  10  mn/mlnute. 
Infrared  spectra  were  obtained  on  a  Nlcolet  MX-1  FT-IR  Spectrometer. 

5.4.3.  Results  and  Discussion. 

5.4.3. 1,  Emulsion  co^ymerlzatlon  of  n-butyl  acrylate  and  sulfonated 
styrene.  Vie  have  Investigated  the  direct  copolymerlzatlon  of  sulfonated 
styrene  (SST)  with  n-butyl  acrylate  to  produce  lonomers.  It  was 
demonstrated  that  emulsion  polymerization  is  a  useful  and  potentially 
Important  technique  In  the  synthesis  of  sulfonate  Ion-containing  polymers 
by  direct  reaction  between  the  lonogenlc  and  covalent  monomers,  provided 
that  a  "water  soluble  Initiator  system"  Is  used.  Some  workers  have  already 
reported  the  used  of  an  organic-soluble  peroxide  and  a  water-soluble 
reducing  agent  during  similar  reactions  In  order  to  generate  effective 
copolymerlzatlon  at  the  micelle  Interfaces  (13,14). 
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During  our  studies  we  used  both  sodium  and  potassium  salts  of  SSf  ai.vS  they 
behaved  similarly  as  expected.  The  emulsifier  was  a  nonionic 
"alkyl phenoxy-ethylene  ox1de"-type  surfactant  with  a  Hydropl 1 1 1 c-Lyophy ' 1 e 
Balance  value  of  15.4.  The  amount  of  SST  charged  was  varied  between  0  <.vi 
10  percent  by  mole.  The  latex  obtained  after  the  reaction  was  fairly 
stable  In  aach  case.  Table  5.4-2  provides  the  data  on  the  synthesis  of  n- 
butyl  acrylate  and  sulfonated  styrene  lonomers.  As  expected  In  emulsion 
polymerizations  we  were  able  to  obtain  fairly  high  yields.  Ir.  the  first 
four  reactions  no  chain  transfer  agent  (CTA)  was  used  and  except  sample  l 
which  Is  the  control  pely(n-butyl  acrylate),  we  were  not  able  to  dissolve 
any  others  (samples  2,  3  or  4)  In  any  single  solvent  or  solvent 
combinations.  This  Is  attributed  to  the  combined  effects  of  very  high 
molecular  weights  of  the  polymers  produced  and  strong  ionic  Interactions 
between  the  pendant  sulfonate  groups  on  the  polymers  chains  and  possIbV 
the  residual  end  groups  derived  from  the  Initiator.  Although  these 
materials  were  not  soluble,  they  were  easily  compression  moldable  at 
temperatures  around  200*C  and  all  yielded  clear,  transparent  films. 

However,  when  a  small  amount  of  an  organic  soluble  chain  transfer  agent  (1- 
dodecanethlol )  was  used,  it  was  possible  to  obtain  lonomers  which  were 
soluble  In  solvents  such  as  tetrahydrofuran,  chloroform  and 
toluene/methanol . 

As  can  be  seen  from  the  last  column  of  Table  5.4-2,  DSC  studies  did  not 
Indicate  any  change  In  the  glass  transition  temperature  of  the 
polyacrylates  due  to  the  presence  and/or  concentration  of  the  lonogenlc 
monomer  (SST)  Incorporated.  We  have  observed  the  same  behavior  In  styrene, 
methyl  acrylate  and  other  systems  (26).  Other  workers  have  also  reported 
similar  results  In  lonomars  synthesized  by  the  direct  reactions  of  various 
acrylic  acid  salts  and  covalent  vinyl  monomers  (27).  This  Indicates  either 
the  simultaneous  homopolymerlzatlon  of  both  monomers  or  a  "block" 
copolymerization.  We  were,  however,  unable  to  detect  any  high  temperature 
transitions  In  DSC  due  to  the  very  small  amounts  of  SST  Incorporated  and 
the  sensitivity  of  DSC  method.  In  methyl  acrylate/SST  system  at  8  mole 
percent  SST  level  we  were  able  to  detect  a  second  Tg  at  330°C  for  the  Ionic 
block  (28).  However,  when  we  studied  the  thermomechanlcal  behavior  of 
these  materials  via  TMA  In  the  penetration  mode,  we  were  able  to  see  the 
dramatic  effects  of  Ion  Incorporation  even  at  very  containing  polymers 
compared  to  the  control  poly(n-butyl  acrylate).  This  Is  Illustrated  in 
Figure  5.4-1.  Attempts  to  physically  blend  two  homopolymers  showed  that 
they  were  highly  Incompatible  as  expected  and  there  was  no  enhancement  in 
the  thermal  or  mechanical  properties  of  resulting  materials.  The  films 
obtained  by  blending  were  very  cloudy  showing  the  dispersion  of 
poly (sulfonated  styrene)  In  polyacrylate.  On  the  other  hand,  compression 
molded  films  of  the  copolymers  synthesized  appeared  Microscopically 
"homogeneous"  and  transparent,  all  of  which  Indicates  the  formation  of 
blocky  structures.  Our  kinetic  studies  on  the  copolymerlzatlon  of  SST  and 
methyl  acrylate  In  emulsion  also  show  the  formation  of  “blocky"  lonomers 
(28). 

Stress-strain  behavior  of  n-butyl  acrylate-SST  loncnners  are  given  in 
Figure  5.4-2.  It  Is  clear  that  the  incorporation  of  sulfonate  groups,  has  a 
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Table  5.4-2.  Synthesis  of  n-Butyl  Acrylate  Sulfonated  Styrene  Copolymers 
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Figure  5.4-1.  TMA  Penetration  Curves  for  n-Butyl  Acrylate/sulfonated 
Styrene  Ion-Containing  Copolymers 


remarkable  effect  on  the  behavior  of  resulting  materials.  Compared  with  n- 
butyl  acrylate  homopolymer.  Introduction  of  approximately  5  mole  percent  of 
SST  into  the  copolymer  Increases  the  tensile  strength  more  than  40- fold. 

The  Increase  In  the  overall  strength  Is  proportional  to  the  level  of  Ion 
content.  Modulus  values  of  the  resulting  lonomers  Increase  and  elongation 
at  break  slightly  decrease  with  increasing  Ion  content.  TMA  and  stress- 
strain  results  may  Indicate  that  In  this  system  optimum  properties  can  be 
obtained  at  a  SST  level  of  about  5  mole  percent. 

5. 4. 3. 2.  Block  lonomers  through  anionic  polymerization  and  hydrolysis. 

The  novel  reaction  scheme  which  we  had  proposed  for  "blocky"  lonomers 
through  emulsion  polymerization  prompted  us  to  prepare  very  well-defined 
Ion-containing  block  copolymers  through  anionic  polymerization.  The 
Initial  system  chosen  for  synthesis,  modification  and  characterization  was 
the  po1ystyrene-po1y( Isobutyl  methacrylate)  diblock  (PS-PIBM  DB)  copolymer. 
This  particular  system  was  chosen  for  the  following  reasons: 

•  The  availability,  ease  of  purification,  and  well  established 
polymerization  characteristics  of  styrene 

•  The  large  body  of  literature  available  on  polystyrene  based  lonomers. 

I  Isobutyl  methacrylate  (Rohm  and  Haas)  Is  a  methacrylate  monomer  of  high 
purity. 

§  The  methacrylate  ester  group  may  be  converted,  via  hydrolysis,  to  a 
carboxyl  ate  Ion. 

These  polystyrene-methacrylate  copolymers  with  block  molecular  weights  of 
40,000  and  10,000  g/mole  respectively,  are  thus  precursors  to  carboxylate 
Ion-containing  block  copolymers. 

As  evident  from  the  6PC  chromatograms  in  Figure  5.4-3,  both  the  diphenyl 
ethyl ene-canped  polystyrene  and  the  PS-PIBM  diblock  copolymers  have  narrow 
molecular  weight  distributions.  More  Importantly,  no  detectable 
homopolymer  contamination  Is  present  In  the  very  pure  diblock.  This  high 
structural  Integrity  was  achieved  by  taking  the  following  precautions. 

•  Capping  of  the  PB  “Front  Block-  with  1,1-DPE  to  afford  a  highly 
hindered,  less  basic  macromolecular  Initiator  for  methyacryi ate 
polymerization, 

•  Slow  addition  at  -78°C  of  IBMA  to  avoid  thermal  termination. 

•  Utilization  of  high  purity  methacrylate  monomers. 

Hydrolysis  of  this  well-defined  diblock  material  proved  to  be  quite 
difficult.  A  variety  of  acidic  and  basic  hydrolysis  attempts  were  made, 
with  little  or  no  success.  We  then  found  evidence  In  the  literature  (29) 
for  a  facile  new  hydrolysis  method  which  had  achieved  very  fast  hydrolysis 
of  methyl  laurate  by  using  solid  potassium  supeiroxlde  (K0„).  We  have  I’sed 
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ELUTION  VOLUME  (ml) 


Figure  5.4-3.  Size  Exclusion  Chromatograms  of  (A)  Polystyrene  Front  Block 
(Rn)  40,000  g/mole)  and  (B)  Po1ystyrene/poly(1sobutyl 
methacrylate}  Diblock  Copolymer  (Rn  50,000  g/mole) 


this  new  method  successfully  In  the  hydrolysis  of  polymethyl  methacrylate 
(PHHA).  Elvaclte  2041  (DuPont  PHHA)  was  rendered  water  soluble  by  simply 
stirring  over  K02  at  room  temperature  overnight.  Scheme  II  shows  the 
hydrolysis  routeSmployed.  As  Is  Indicated  In  the  scheme*  although  PHHA  Is 
hydrolyzed  at  room  temperature*  the  bulkier  Iso-butyl  ester  group  Is  much 
more  resistant  to  this  hydrolysis  reaction*  and  Indeed*  even  at  80°C  the 
hydrolysis  Is  slow  as  judged  by  FT-IR.  Figure  5.4-4  shows  a  typical  FT-IR 
spectrum  of  th  1  partially  hydrolyzed  dlblock  in  the  acid  form.  The  extent 
of  hydrolysis  versus  reaction  time  Is  shown  In  Table  5.4-3  where  the 
absorbance  ratio  of  acid  to  ester  Is  given.  As  can  be  seen*  there  appears 
to  be  an  Induction  period  In  this  hydrolysis  reaction.  This  may  be  due  to 
the  heterogeneous  nature  of  X02  In  THF/DMSO.  We  have  also  carried  out 
these  reactions  In  toluene/DHSO  solvent  mixture  which  quite  surprisingly 
gives  a  much  more  homogeneous  reaction  mixture.  These  K02  reactions 
performed  In  toluene/DHSO  solvent  systems  show  no  Induction  period,  thus 
leading  to  much  shorter  reactions  times.  It  should  also  be  noted  that  no 
degradation  of  the  polymer  resulted  from  these  reaction  conditions  as  noted 
from  GPC  analysis  on  acidified  "lonomers,"  using  bondage 1  columns  and  THF 
solvent  at  room  temperature. 

Characterization  of  the  thermal  and  mechanical  properties  of  these  systems 
show  several  marked  similarities  with  the  poly(butyl  acrylate  sulfonated 
styrene)  emulsion  polymers  discussed  earlier.  Transparent  films  were 
produced  by  compression  molding  under  high  pressures  at  250*C.  These  lon- 
contalnlng  block  copolymers  were  Insoluble  In  all  solvents  tried*  but 
dissolved  quickly  when  several  drops  of  HC1  are  added  to  convert  the 
carboxyl  ate  Ions  to  carboxylic  acid  groups.  As  seen  In  Figure  5.4-5,  the 
block  lonomer  having  10  mole  percent  Ionic  content  shows  a  very  highly 
extended  rubbery  plateau  In  the  TMA  experiment  compared  to  the  dlblock 
precursor.  At  the  same  time,  dynamic  mechanical  analysis  (OHTA)  shows  no 
change  In  the  glass  transition  behavior  of  the  polystyrene  matrix  with  Ion 
content,  as  well  as  highly  extended  rubbery  plateau  behavior  with  a  very 
differently  synthesized  butyl acrylate-sulfonated  styrene  ionoroers  via 
emulsion  copolymerization. 

5.4.4.  Conclusions. 

Both  emulsion  copolymerization  of  butyl  acrylate/sulfonated  styrene  with  a 
water-soluble  initiation  system,  and  anlonlcally  synthesized  dlblock 
lonomers  based  on  the  ester  hydrolysis  of  methacrylate  blocks  show  no 
effect  of  ion  content  on  the  Tg  of  the  matrix  however  provide  a  highly 
extended  rubbery  plateau  to  the  resulting  lonomers. 

Our  work  on  the  synthesis  of  model  lonomer  systems  by  anionic 
polymerization  Is  continuing.  The  architectural  effects  of  these  lonomers 
having  controlled  structures  are  being  compared  with  their  random 
counterparts. 
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Figure  5.4-4.  FT-IR  Spectra  of  (A)  Polystyrene/poly( Isobutyl  methacrylate) 
Diblock  Copolymer  and  (3)  Carboxylated  Block  lonomer 
Obtained  After  Hydrolysis  with  K02 


TEMPERATURE  (*C) 


Figure  5.4-5.  TKA  Penetration  Behavior  of  PS/PIBM  Diblock  Copolymer  and 
Carboxylated  lonomer  (5  mole  percent-CQO  K  )  Obtained 
after  Hydrolysis 


Table  5.4-3.  Studies  on  Superoxide  Hydrolysis  and  Characterization  of  the 
Products 


Sample 

Rxn.  Tine 

El.  Vol. 

A. /Ap 

No. 

(Hr.) 

(GPC) 

(F+-ii) 

• 

I 

c 

28.8 

0 

II 

1 

28.7 

0 

III 

2 

28.8 

0 

• 

IV 

6 

28.8 

0.44 

V 

13 

28.8 

0.64 

VI 

17 

29.3 

1.15 

« 


# 
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5.5.  Morphology  and  Properties  of  Poly(Urea-Urethane)  Elastomers 


5.5.1.  Introduction.  In  the  past  decade  numerous  detailed  studies  have 
been  carried  out  for  Investigating  the  structure- property  relationships  In 
various  segmented  polyurethanes.  A  wide  variety  of  aromatic  and  aliphatic 
diisocyanates  and  low  molecular  weight  dlol  or  amine  chain  extenders  have 
been  employed.  The  chain  extenders  commonly  used  for  the  hard  segment  have 
about  2  to  12  carbon  atoms.  The  soft  segments  have  been  typically  1,000  to 
3,000  molecular  weight  polyester,  polyether  or  polybutadiene  polyols.  Many 
of  these  studies  have  established  that  In  segmented  polyurethanes,  phase 
separation  of  the  urethane  hard  segment  Into  microdomains  can  take  place 
even  when  the  segmental  length  Is  relatively  short.  The  primary  driving 
force  for  domain  formation  Ts  the  strong  Intermolecular  Interaction  between 
the  urethane  units  which  often  have  aromatic  character  and  are  capable  of 
forming  interurethane  hydrogen  bonds.  Several  workers  have  also  observed 
the  presence  of  hydrogen  bonding  between  the  urethane  KH  groups  and  oxygen 
of  the  macroglycol  ether  or  ester  linkage  (1,2).  This  observation  Is 
consistent  with  the  postulate  that  some  hard  segments  are  dissolved  In  the 
soft-segment  matrix  phase  or  vice  versa.  Polyurethanes  are  not  high- 
temperature  polymers  and  cannot  be  used  for  continuous  application  at 
temperatures  In  excess  of  100°C.  At  high  temperatures,  polyurethanes  begin 
to  degrade  thermally  In  an  oxidative  environment  and/or  may  lose  their  two 
phase  texture  due  to  phase  mixing  (3). 

The  Incorporation  of  urea  linkages  In  polyurethane  hard  segments  has  a 
profound  effect  on  the  phase  separation  and  domain  structure  of  polyester 
or  polyether-based  polyurethane-ureas  (PEUU).  This  Is  due  to  the  high 
polarity  differences  between  the  hard  and  soft  segments  and  the  likely 
development  of  a  three  dimensional  urea  hydrogen  bonding  network  (4-6). 
These  urea  linkages  can  be  Introduced  by  allowing  an  Isocyanate  group  to 
react  with  an  amine  group.  As  a  result  of  their  Improved  hydrogen  bonding 
capability,  good  elastomeric  behavior  has  been  observed  In  other  urea- 
linked  segmented  copolymers  which  contained  as  low  as  6  percent  hard 
segment  by  weight  (7,8). 

From  the  literature  It  Is  obvious  that  a  variety  of  polyurethane-urea 
copolymers  have  been  prepared  and  studied.  Sung  et  al.  (5,9,10)  have 
described  the  properties  of  segmented  PEUU's  based  on  tolylene-2,4- 
dllsocyanate  (TDI),  ethyl enedl amine  (ED)  and  poly(tetramethylene  oxide) 
(PTMO),  a  polyether  glycol  also  referred  to  as  polytetramethylene  glycol. 
The  morphological  Investigation  by  small  angle  x-ray  scattering  (SAXS)  has 
been  carried  out  by  Abouzahr  et  al.  (11)  on  these  materials.  In  contrast, 
Khransovskl 1  (12)  studied  the  PEUU  con^osed  of  PTMO,  TDI  and  4,4'- 
dl ami  nodi  phenyl  methane  (DAM).  The  hard  segments  formed  In  both  these 
polyurethane-ureas  are  capable  of  only  limited  crystallization  because  of 
the  unsymmetrlc  structure  of  TDI  units.  Ishlhara  et  al.  (13-15)  have 
reported  on  the  synthesis  and  behavior  of  more  crystal llzable  polyurethane- 
ureas  based  on  PTMO,  methylene  b1s(4-phenyl1so-cyanate)  (HOI),  and  DAM.  A 
symmetric  MDI/DAM  hard  segment  would  have  better  packing  efficiency  than  a 
non- symmetric  TDI/DAM  hard  segment.  As  a  result,  much  stronger  hard 
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segment  domains  would  be  obtained  with  the  former  and  the  copolymer  would 
be  expected  to  display  a  stronger  mechanical  response.  As  compared  to 
MDI/polybutadlene  did  (BO)  based  polyure thanes *  the  thermal  properties 
would  no  doubt  be  enhanced  because  of  the  complete  aromatic  nature  of  the 
hard  segments. 

Unfortunately,  the  large  thermodynamic  Incompatibility  between  the  two 
types  of  segments  and  hydrogen-bonding  capability  of  the  hard  segments  also 
make  the  synthesis  and  processing  of  these  segmented  polyurethane-ureas 
very  difficult.  The  problem  also  arises  because  the  reaction  between  amine 
and  Isocyanate  groups  proceeds  at  a  much  faster  rate  than  the  reaction  of 
Isocyanate  and  hydroxyl  groups.  In  a  one-step  bulk  polymerization,  the 
high  reactivity  of  -NH«  and  -NCQ  groups  could  result  primarily  In  the 
formation  of  polyurea  which  can  prematurely  precipitate  out  of  the  reaction 
mixture.  Some  success  Is  achieved  when  a  strong  polar  group  Is  attached  to 
the  diamine  component  to  retard  the  Isocyanate-amine  reaction,  e.g.,  HOI 
and  S.S'-dlchloro-A.A'-dlaminodlphenyl  methane  (HOCA).  Use  of  the  latter 
diamine  has  been  discontinued  because  of  carcinogenic  hazards.  Solution 
polymerization  of  PEUU's  Is  sometimes  possible  when  the  reaction  mixture  Is 
maintained  at  low  temperatures  to  control  the  -NH2/-NCQ  reaction.  However, 
the  solution  polymerization  approach  suffers  fronrthe  difficulty  of 
obtaining  a  good  common  solvent  for  all  the  reaction  components.  In  brief, 
the  choice  of  solvent  clearly  affects  the  degree  of  polymerization  and  a 
mechanically  weak  polymer  would  be  obtained  If  the  overall  molecular  weight 
of  the  segmented  copolymer  Is  low. 

Attempts  have  been  made  to  synthesize  the  MDI/DAK-based  segmented 
polyurethane-urea  by  addition  of  stoichiometric  amounts  of  water  to  the 
mixture  of  PTMO  and  HOI.  Adding  controlled  amounts  of  water  would  convert 
the  excess  HOI  Into  DAH  by  the  reaction  scheme  as  Illustrated  below. 

RNCO  +  H20  — «•  [RNHCOOH]  — -  RNHg  +  COgt 

The  water  molecule  causes  the  formation  of  the  unstable  carbamlc  acid  which 
decomposes  further  to  yield  DAH  and  CO,  arid  Is  given  off  In  the  process. 
This  approach,  although  promising.  Is  difficult  to  use  effectively  because 
of  water  Immlsclblilty  with  the  reaction  system.  As  a  consequence, 
addition  of  water  results  in  the  formation  of  water  droplets  and  a 
copolymer  with  heterogenous  properties  may  thus  be  obtained. 

Historically,  In  1948,  Saunders  and  Slocombe  (16)  reported  that  tertiary 
alcohols  dehydrate  at  reasonably  high  temperatures  In  the  presence  of 
Isocyanate  groups.  Although  no  mechanism  was  proposed.  It  was  postulated 
that  a  tertiary  alcohol  would  produce  water  In  the  presence  of  a  weak 
acidic  environment.  Therefore,  It  may  be  possible  to  synthesize  segmented 
polyurethane-ureas  by  taking  advantage  of  such  a  proposed  dehydration 
reaction.  Specifically,  a  mixture  of  Isocyanate-capped  polyether, 
dl Isocyanate  and  a  tertiary  alcohol,  when  heated  under  Inert  conditions, 
could  result  In  the  formation  of  a  REUU.  This  could  result  from  the  fact 
that  the  tertiary  alcohol  would  dehydrate  and  the  water  generated  would 
cause  the  formation  of  an  amine  gruup  by  the  reaction  with  Isocyanate. 
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Next,  this  urine- terminated  prepolymer  unit  would  react  with  MDI  to  serve 
as  the  chain  extender  for  the  MDI-based  hard  segments.  Thus,  this  scheme 
provides  a  novel  approach  to  the  synthesis  of  segmented  PEUU’s  as  high 
molecular  weight  copolymers  can  be  obtained  by  a  homogeneous.  In  situ 
chain-extension  step  Involving  essentially  two  terminal  Isocyanate  groups. 
Since  the  water  Is  Introduced  only  at  molecular  levels.  It  should  be 
consumed  Immediately  In  the  formation  of  amine.  Quantities  of  water  In  the 
form  of  droplets  are  thus  avoided  and  the  resulting  copolymers  might  be 
expected  to  be  compositional 1y  more  uniform. 

Using  the  above  procedure,  novel  segmented  polyurethane-ureas  have  been 
successfully  prepared  and  some  synthesis  details  have  already  been  reported 
(17).  These  copolymers  are  obtained  by  reacting  PTHO  and  excess  HOI  (or 
TDI)  at  high  temperatures.  Flther  tertiary  cumyl  or  dlcumyl  alcohol  (CA  or 
OCA)  was  added  for  the  purpose  of  providing  the  In  situ  conversion  of 
Isocyanate  groups.  Two  series  of  PEUU  were  prepared  using  both  tertiary 
alcohols.  The  molecular  weight  (Mn)  of  the  polyether  macroglycol  ranged 
from  650  to  2000.  Each  series  of  samples  contained  three  levels  of  hard 
segment  content  chosen  to  maintain  a  comparable  hard  segment  fraction. 

Ue  are  currently  (18)  attempting  to  establish  the  reaction  mechanism  by 
which  the  Isocyanate  group  Is  converted  Into  an  amine  group.  Dehydration 
of  the  alcohol  may  not  bo  necessary.  An  Intermediate  carbamate  can  also 
explain  the  polymerization  phenomenum.  The  current  paper  reports  on  our 
Investigation  of  structure-property  relationships  In  these  novel  segmented 
polyurethane-ureas.  For  this  purpose.  It  was  desirable  to  determine  how 
the  mechanical  and  thermal  properties  were  affected  with  hard-segment 
content,  crystallization  and  length  of  the  soft  and  hard  segment.  The 
chemical  composition  was  thus  used  to  control  the  size,  shape  and  the 
degree  of  order  In  these  segmented  copolymers.  Finally,  these  PEUU's  with 
symmetric  and  aromatic  hard  segments  were  compared  with  conventional 
PTMO/MDI/BD  polyurethane  and  other  polyurethane-ureas  reported  In  the 
literature. 

5.5.2.  Experimental.  Segmented  polyurethane-urea  copolymers  were 
synthesized  by  a  step-growth  (condensation)  reaction  Involving  the 
prepolymer  and  amine- terminated  groups  as  chain  extender.  The  prepolymers 
were  prepared  by  reacting  poly  (tetramethylene  oxide)  glycol  [DuPont's 
Teracol^]  with  excess  4,4* -dllsocyanatodl phenyl  methylene  (MDI)  or  a 
80/20  mixture  of  2,4-  and  2,6-  to luenedl Isocyanate  (TDI)  [Mobay  Chemical 
Co.].  Nacroglycol  of  molecular  weights  650,  1,000,  2,000  was  employed  as 
tin  soft  segments  In  these  elastomers.  The  polyols  were  dried  at  60°C  In  a 
vacuum  oven  for  48  hours  prior  to  use.  The  dl Isocyanates  were  vacuum 
distilled  and  middle  cuts  were  stored  at  0*C  before  use. 

Tertiary  alcohols,  dlcumyl  alcohol  (The  Goodyear  Tire  &  Rubber  Company)  and 
cumyl  alcohol  (Aldrich)  were  used  to  carry  out  the  necessary  conversion  of 
excess  Isocyanate  groups  to  amine  groups  as  mentioned  earlier.  Thus,  these 
teri  ary  alcohols  are  not  directly  Involved  In  the  chain  extension  step. 

The  amount  of  excess  MDI  and  tertiary  alcohols  determines  the  hard  segment 
content  In  the  polyurethane-urea  samples.  The  composition  of  the  various 


91 


copolymers  synthesized  Is  listed  In  Table  5.5-1.  To  carry  out  the 
reaction,  KOI  was  charged  Into  a  N2-f111ed  resin  kettle  equipped  with  a 
high  torque  mechanical  stirrer  at  room  temperature,  PTMO  was  then  slowly 
delivered  by  means  of  a  syringe  Into  the  reactor  at  110®C  over  a  period  of 
20  minutes.  The  mixture  was  then  continuously  stirred  at  110°C  for  1  hour. 
The  specified  tertiary  alcohol  was  then  added  to  the  mixture  of  prapolyraer 
and  excess  Mil.  The  molar  ratio  of  alcohol  to  Isocyanate  was  about  1:2, 

The  reaction  was  then  allowed  to  continue  for  another  3  hours  at  150*0 
under  Inert  conditions.  At  temperatures  below  U0**C  no  significant  change 
in  the  bulk  viscosity  was  observed,  indicating  that  the  uncatalyzed  chain 
extension  step  cannot  be  carried  out  at  these  low  temperatures.  However, 
at  150*C  an  immediate  increase  in  the  viscosity  was  observed.  By  changing 
the  molar  ratio  of  MDI  and  PTHQ,  a  series  of  samples  with  systematically 
varied  hard  segment  content  and  relative  block  length  were  synthesized. 

The  resulting  copolymer  was  extracted  with  THF  for  24  hours  to  remove  low 
molecular  weight  Impurities,  if  any.  The  final  product  was  dried  In  a 
vacuum  oven  for  36  hours  at  70°C.  A  clear  polymer  solution  resulted  when 
this  polymer  was  dissolved  In  N,N  dimethyl  formamlde  (DMF)  at  1Q0*C 
suggesting  that  an  essentially  linear  polymer  was  obtained. 

Films  ofRthe  segmented  PEIHJ  copolymer  and  a  control  polyurethane 
(Estane'K',  BF  Goodrich)  were  prepared  by  compression  molding  the  dry 
material  at  200  to  240"C  and  10,000  pounds  per  square  inch.  The 
temperature  was  slightly  higher  when  the  hard  segment  content  was  Increased 
to  41  weight  percent  MDI.  The  material  was  first  heated  In  the  press  for  2 
to  3  minutes  and  the  pressure  was  then  raised  slowly.  The  film  was  kept  In 
the  press  for  about  5  minutes  prior  to  Its  removal.  After  removal  from  the 
press,  all  samples  were  Immediately  quencher*  to  room  temperature  and  placed 
under  vacuum  In  a  desslcator  until  further  estlng.  Ho  obvious  degradation 
of  the  materials  at  these  high  temperatures  was  observed  as  all  the  films 
were  transparent  or  translucent  (for  materials  based  on  2,000  MU  PTM0  and 
MDI)  after  removal.  The  segmented  polyurethane-urea  copolymer  obtained 
with  2000  molecular  weight  PTMO,  MDI  and  CA  Is  referred  to  as  PTMG-2,000- 
MDI-31-CA,  where  31  represents  the  weight  percent  of  the  hard  segment.  A 
similar  nomenclature  Is  employed  for  all  other  samples. 

Structural  characterization  of  the  polymers  was  obtained  by  FT-IR  and  NMR 
spectroscopy  using  a  Nlcolet  MX-1  and  Varlan  EM-390  spectrometer.  The  IR 
spectra  for  the  oligomers  and  the  copolymers  were  obtained  from  solution 
cast  films  on  KBr  discs.  Dog-bone  specimens  were  cut  from  the  films  for 
mechanical  testing  of  the  segmented  copolymers.  Mechanical  measurements 
Included  stress-strain,  stress  relaxation,  tensile  hysteresis  and  permanent 
set  behavior.  All  these  tests  were  performed  on  an  Instron  Model  1122  at 
room  temperature.  All  stress-strain  and  hysteresis  measurements  were 
carried  out  at  a  strain  rate  of  200  percent  per  minute  based  on  the  Initial 
sample  length. 

Dynamic  mechanical  spectra  were  obtained  with  a  Rheovlbron  Model  DDV  1 1 -C 
at  110  Hz  and  the  Dynamic  Mechanical  Thermal  Analyzer  (DMTA)  manufactured 
by  Polymer  Laboratories,  England  at  1Hz.  The  approximate  heating  rate  for 
the  sample  was  maintained  near  3°C  per  minute  In  the  Rheovlbron  and  5°C  per 
minute  for  the  DMTA. 
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Table  5.5-1. 

Characteristics  of  Various  Polyurethane-Ureas  Synthesized 

Sample 

Mole  Ratio  %  Urea 

MDI/PTMQ/CA  or  OCA  Content 

PTH0-2OOO-MDI-23. 3-CA 

2. 5/1/1. 5 

40 

PTMO-2000-HDI-31-CA 

3. 7/1/2. 7 

57 

PTM0-2000-MDI-41-CA 

5.6/1/4.6 

70 

PTH0-2000-MDI-31-DCA 

3.7/1/1.35 

57 

PTMO-1OO0-MDI-31-DCA 

1. 8/1/0. 4 

29 

PI MO-  650-MDI-31-DCA 

1. 2/1/0. 1 

9 

PTM0-2000-TDI-31-CA 

5. 3/1/2. 2 

69 

PTK0-2000-MDI-31-8D 

CONTROL 

0 

No.  of 

all  possible  urea  llnkaoes 

%  Urea  Content  »  -Total' urea  and  urethane  I 1 nkages 
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Thermal  analysis  (DSC,  TGA,  TMA)  of  the  block  copolymers  was  performed  on  a 
Perkln-Elraer  System  2  and  System  4.  Experiments  were  carried  out  under  a 
helium  or  nitrogen  atmosphere  using  a  heating  rate  of  10“C  per  minute.  The 
OSC  and  TMA  scans  were  started  at  -14G°C,  whereas  thermal  degradation 
studies  (TG)  began  at  50°C.  During  TMA  measurements,  a  constant  load  of 
10  g  was  employed. 

The  formation  of  domain  structure  (microphase  separation)  was  also  verified 
by  using  small  angle  x-ray  analysis  (SAXS).  An  automated  Kratky  small 
angle  x-ray  camera  was  utilized  for  the  SAXS  experiments.  The  x-ray  source 
was  a  Siemens  AG  Cu  40/2  tube,  operated  at  40  kilovolts  and  20  mill  lamps  by 
a  GE  XRD-6  generator.  A  Cu  Ka-radlatlon  of  wavelength  .154  nanometers  was 
obtained  by  Nl-foll  filtering.  A  Philips  table-top  X-r-y  generator  PW  1720 
was  utilized  In  conjunction  with  a  standard  vacuum- sea led  Statton  (Warhus) 
camera  to  obtain  wide-angle  x-ray  diffraction  (UAXD)  patterns  for  the 
copolymers.  The  samples  were  approximately  0.5  dm  thick  and  an  exposure 
time  ranging  from  10  to  24  hours  was  used  depending  on  the  system. 

5.5.3.  Results  and  Discussion.  In  order  to  characterize  the  reaction 
mechanism  and  to  confirm  the  formation  of  urea  linkages.  Infrared  spectra 
were  obtained  from  the  polymer  films  cast  on  KBr  disks.  The  FT-IR  spectra 
for  sample  PTN0-2000-MDI-31-CA  confirmed  the  Incorporation  of  urea  linkages 
by  the  presence  of  an  absorption  peak  at  1640  cm"*1  which  is  attributed  to 
the  hydrogen-bonded  urea  carbonyl.  No  absorption  peak,  corresponding  to 
this  wavenumber  was  observed  for  the  PTM0-20Q0-MDI-31-BD  polyurethane 
(ESTANE^  ;)  control  material  where  urea  groups  are  absent.  The  IR  spectra 
obtained  on  the  polymerization  byproduct,  collected  from  the  sides  of  the 
reaction  kettle,  indicated  the  presence  of  an  olefln.absorptlon  In  the 
spectra.  The  absorption  peaks  appearing  at  1640  cm"1  and  650  cm"1 
correspond  to  the  C-C  stretch  and  -CHp  wag,  respectively,  and  compare  well 
with  an  authentic  IR  spectra  for  o-me thy 1  styrene.  This  was  to  be  expected 
when  cumyl  alcohol  was  utilized.  These  absorption  peaks  In  the 
polymerization  condensate  Imply  that  there  can  be  two  possible  reaction 
schemes  by  which  the  t-alcohols  Interact  with  Isocyanate  groups.  These  two 
schemes  are  Illustrated  In  Figure  5.5-1.  The  first  scheme  Indicates  the 
formation  of  unstable  carbamate  which  lonlcally  dissociates  to  produce  C02 
from  the  unstable  anion  and  an  amine- terminated  moiety.  The  second  scheme 
would  require  dehydration  of  t-alcohols  Initially,  which  Is  then  followed 
by  formation  of  amine  terminated  groups  through  the  more  widely  considered 
carbamlc  acid  route.  A  recent  detailed  study  (18)  carried  out  on  model 
reactions  seems  to  Indicate  that  the  former  mechanism  is  more  likely  to 
take  place.  However,  a  dual -reaction  mechanism  where  both  mechanisms 
compete  may  also  be  possible. 

5. 5. 3.1.  Mechanical  analysis.  The  engineering  stress-strain  curves  for 
segmented  MDI-based  polyurethane-ureas  are  shown  in  Figure  5.5-2  through 
Figure  5.5-4.  All  curves  are  shown  up  to  the  fracture  stress  of  the 
sample.  The  Young's  modulus,  ultimate  tensile  strength,  and  ultimate 
elongation  were  determined  from  these  measurements  arid  are  listed  In  Table 
5.5-2  for  each  sample.  It  is  well  accepted  that  the  tensile  behavior  for  a 
thermoplastic  elastomer  generally  depends  upon  the  size,  shape  and 
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Figure  5.5-1.  Scheme  1  -  Possible  Urea  Formation  Mechanism  Via  Carb&Mte 
Rearrangement  and  Scheme  2  -  Possible  Urea  Formation 
Mechanism  Via  Tertiary  Diol  Dehydration 


Figure  5.5-2.  Stress-strain  Curves  For  Various  Segmented  Poly-urethane- 
urea  Copolymers  Indicating  the  Dependence  of  Tensile 
Behavior  on  the  Soft  Segment  Molecular  Weight.  (1)  PTMO- 
2Q00-MDI-31-DCA,  (2)  PTM0-1000-MDI-31-DCA,  and  (3)PTM0-65Q- 
M5I-31-DCA 
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Figure  5.5-3.  Stress-strain  Curves  Showing  the  Effect  of  Hard  Segment 
q  Content  on  the  Tensile  Behavior  of  Various  Segmented 

Polyurethane-urea  Copolymers.  (1)  PTM0-2000-MDI-41-CA,  (2) 
PTH0-20O0-MDI-31-CA,and  (3)  PTM0-2000-MDI-23.3-CA 
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concentration  of  the  hard  segments;  Intermolacular  bonding  within  the  hard 
domains;  and  the  molecular  weight  of  tne  soft  segments  (19*20).  The 
tensile  behavior  of  these  segmented  copolymers  establishes  the  expected 
correlation  with  these  parameters. 

In  Figure  5.5-2,  the  stress-strain  behavior  for  materials  with  different 
soft  segment  molecular  weights  but  the  same  hard  segment  content  are  shown. 
The  results  indicate  that  the  Young's  modulus  and  the  tensile  strength  in 
these  samples  Increase  as  the  hard-segment  length  Is  Increased.  This  can 
be  explained  on  the  basis  of  the  Increase  in  the  hard-segment  length 
necessary  to  maintain  the  same  hard-segment  content  with  Increasing 
molecular  weight  of  the  soft  segments.  Increasing  the  block  length  not 
only  Increases  the  aspect  ratio  of  the  dispersed  hard  domains  but  also 
leads  to  a  higher  degree  of  order  In  the  hard  domain  since  this  results  In 
more  urea  linkages  per  hard-segment  unit.  Although  the  sample  PTM0-650- 
MDI-31-DCA  has  a  higher  density  of  the  hard- segment  units,  the  pseudo- 
multifunctional  cross-links  formed  by  the  hard  domains  are  shorter  and 
likely  weaker.  As  a  consequence  of  these  poorly  defined  hard  domains,  the 
sample  PTM0-650-MDI-31-DCA  exhibits  lower  mechanical  strength. 

The  stress-strain  behavior  for  polyurethane-urea  elastomers  based  on  2,000 
molecular  weight  PTMQ  Is  shown  In  Figure  5.5-3  as  a  function  of  Increasing 
hard-segment  content.  It  Is  Indicated  that  the  mechanical  response  of 
these  materials  Is  strongly  affected  when  hard-segment  content  Is  raised 
from  23.3  percent  to  41  percent  by  weight.  The  observed  behavior  can  be 
explained  on  the  basis  of  the  introduction  of  a  higher  volume  fraction  of 
hard  segments  as  well  as  a  higher  degree  of  order  In  the  hard  domains.  The 
higher  modulus  and  tensile  strength  with  Increasing  hard  segment  content  In 
these  samples  Is  also  consistent  with  their  greater  urea  content  which 
results  In  more  cohesive  hard  domains. 

The  results  In  Figure  5.5-4  are  presented  to  bring  out  the  effect  of 
varying  Intermolecular  binding  forces;  hard  segment  symmetry  or  shape;  and 
finally  the  use  of  two  different  tertiary  alcohols  (namely  CA  and  DCA). 

All  four  samples  Indicated  in  this  figure  have  31  percent  hard  segment  by 
weight.  A  comparison  among  these  curves  Indicates  that  the  lowest  ultimate 
tensile  strength  Is  displayed  by  sample  PTH0-2000-MDI-31-BD  (ESTANEW). 
This  sample  differs  from  the  rest  In  the  sense  that  It  does  not  contain  any 
urea  linkages.  Clearly,  the  weaker  Interdomain  secondary  binding  forces 
result  In  less  cohesive  hard  domains  and  may  limit  the  development  of  a 
three-  dimensional  hydrogen  bonding  network.  Phase  separation  Is,  no 
doubt,  also  affected  and  a  possible-larger  Interfaclal  region  and/or  higher 
segmental  mixing  present  In  ESTANE.  '  could  be  responsible  for*  higher 
Initial  tensile  modulus.  The  lack  of  symmetry  In  the  ESTANE'k;  hard 
domains  (MDI/BD  vs.  M0I/0AM)  may  also  Influence  the  tensile  behavior  as  the 
packing  of  the  hard  segments  would  not  be  efficient  either. 

When  cumyl  alcohol  Is  used  Instead  of  dlcunyl  alcohol  to  carry  out  In  situ 
chain  extension,  some  dissimilarity  between  the  mechanical  behavior  of  the 
corresponding  copolymers  is  observed.  This  disparity  presumably  Is  a 
consequence  of  the  differences  In  the  chain  extension  step  caused  by  the 


Table  5.5-2.  Mechanical  Properties  of  Segmented  Polyurethane-Ureas 


Sample  Ultimate  Tensile 

Strength  (MPa) 

Young' s 
Modulus  (MPa) 

XElongatlon 
at  Break 

PTH0-2000-MDI-23.3-CA 

49.0 

15.1 

1000 

PTM0-2O0O-MDI-31-CA 

67.5 

17.6 

900 

PTMO-2000-MDI-41-CA 

59.0 

104.5 

600 

PTMQ-2000-KDI-31-DCA 

59.0 

11.4 

1000 

PTMO-lOOO-MDI-31-DCA 

40.5 

9.3 

1100 

PTM0-650-M0 I -31-OCA 

17.5 

6.8 

1300 

PTMO-2O0O-TDI-31-CA 

50.5 

35.6 

550 

PTM0-2000-MDI-31-BD 

41.0 

13.2 

1000 
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nature  of  the  two  tertiary  alcohols  Involved.  This  difference  may  affect 
the  distribution  of  hard-segment  lengths  and  would  be  narrower  In  the 
copolymer  where  CA  Is  employed.  In  either  case.  It  appears  that  the 
copolymer  prepared  with  DCA  apparently  has  less  order  In  the  hard  domains 
and  possibly  a  larger  Interfacial  region  between  the  two  phases  due  to  a 
larger  distribution  In  the  hard-segment  length.  The  SAXS  results 
(discussed  later)  have  also  Indicated  that  at  the  same  hard-segment 
content,  the  thickness  of  the  Interfacial  zone  Is  larger  in  the  copolymers 
when  OCA  Is  used  for  the  chain  extension  step.  The  differences  In  the 
mechanical  properties,  observed  for  the  copolymers  obtained  via  these  two 
alcohols.  Is  therefore  an  Indication  of  the  differences  In  the  chain 
extension  step  caused  by  these  two  reactants.  Uhen  the  degree  of  chain 
extension  Is  small  (23.3  percent  hard  segment  by  weight),  the  difference 
between  the  tensile  properties  of  the  segmented  copolymer  prepared  by  the 
two  tertiary  alcohols  Is  also  small. 

The  difference  In  the  TOI  and  MDI  based  polyurethane-ureas,  however.  Is 
observed  because  of  two  reasons.  First,  for  constant  hard  segment  content 
by  weight,  TDI  based  copolymers  have  a  higher  concentration  of  urea 
linkages  since  the  molecular  weight  of  one  TDI  unit  Is  less  than  that  of  a 
MDI  unit.  Hence  a  stronger  mechanical  response  Is  obtained  owing  to  a 
higher  degree  of  cohesiveness.  The  second  reason  Is  interrelated  with  the 
dissimilarities  observed  In  the  orientation  behavior  of  the  soft-segment 
chains  upon  deformation  for  the  two  representative  copolymers.  As  will  be 
discussed  shortly.  It  was  found  by  WAXS  analysis  that  strain-induced 
crystallization  of  the  PTMO  chains  occurs  at  lower  elongations  for  TDI 
based  system  as  compared  to  samples  with  equal  weight  percent  of  MDI-based 
hard  segments.  An  earlier  onset  of  the  crystallization  In  the  TDI  system 
Is  also  likely  to  Increase  the  stress  level  In  the  sample.  The  reasons  for 
this  observed  difference  In  the  crystallization  behavior  will  be  discussed 
In  more  detail  when  the  dynamic  mechanical  and  WAXS  results  are  presented. 

5. 5. 3. 2,  Dynamic  mechanical  analysis.  To  investigate  the  compositional 
dependence  of  the  local  scale  motion  as  well  as  cooperative  segmental 
motion  which  may  exist  In  these  segmented  polyurethane-urea  copolymers, 
dynamic  mechanical  spectra  were  obtained.  It  was  also  of  Interest  to 
determine  the  mechanical  and  thermal  properties  In  light  of  the  role  played 
by  the  variety  of  hydrogen  bonding  possibilities  In  these  materials. 

Figures  5.5-5  and  5.5-5  show  the  overall  dynamic  behavior  In  terms  of 
storage  (E4)  and  loss  (E“)  modulus  as  a  function  of  temperature. 

The  dynamic  mechanical  results  In  Figure  5.5-5  demonstrate  the  effect  of 
hard-segment  content  for  a  fixed  molecular  weight  of  the  polyether  soft 
segment.  A  rubbery  plateau,  from  the  E1  curves.  Is  observed  to  be 
composition-dependent  and  extends  to  200°C  for  23.3  percent  hard-segment 
content  material  and  near  300°C  for  the  sample  with  41  percent  hard- segment 
content.  The  plateau  modulus  also  Increases  significantly  upon  Increasing 
the  hard-segment  content  In  the  sample.  An  increase  In  the  order  of  hard 
domains  arising  from  hard-segment  content  results  In  the  formation  of  a 
stlffer  material  which  Is  reflected  In  the  E*  behavior.  Interestingly,  the 
plateau  modulus  In  these  polyurethane-ureas  Is  nearly  one  order  of 
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Figure  5.5-5. 


Dynamic  Mechanical  Spectra  for  Segmented  Polyurethane-urea 
Copolymers.  (•)  PTMO-2000-MDI-41-CA,  (A)  PTM0-200O-MDI-31- 
CA  and  (A)  PTH0-2OOO-MDI-23.3-CA  Determined  on  the 
Rheovlbron.  100  Hz  frequency.  Curves  1-3  are  for  Storage 
Moduli  Data  and  Curve  4-6  are  for  Loss  Modulus  Data. 
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magnitude  higher  than  that  reported  for  a  MDI /ED- based  PEUU  with  a  similar 
hard-segment  content  (21).  The  loss  modulus  curves  appear  to  be  complex  as 
a  number  of  damping  peaks  (or  shoulders)  are  observed.  The  various 
relaxations*  responsible  for  the  origin  of  these  peaks,  are  now  discussed. 

The  secondary  loss  peak  near  -120*C  Is  designated  as  the  y  relaxation.  The 
value  for  this  peak  has  been  reported  to  lie  between  -130  and  -100°C  at  110 
Hz  by  several  workers  (21-26).  This  peak  has  been  ascribed  to  the  motion 
of  methylene  sequences.  The  magnitude  and  location  of  the  y  peak  Is  found 
to  be  nearly  Independent  of  the  hard-segment  content.  The  y  relaxation 
temperature  observed  In  these  copolymers  Is  In  excellent  agreement  with  the 
reported  value  (-120AC)  for  polyolefin  systems.  This  Indirectly  suggests 
that  the  degree  of  phase  separation  achieved  In  these  copolymers  may  be 
very  high.  This  Is  expected  because  of  the  highly  polar  nature  of  the 
aromatic  urea  linkages  that  form  the  hard  segments  In  these  copolymers. 

The  primary  relaxation  observed  near  -55*C  In  the  dynamic  mechanical 
spectra  at  110  Hz  for  these  copolymers  Is  designated  as  the  a  relaxation 
and  has  been  attributed  to  the  glass  transition  temperature  of  the  soft 
segments  (21-23).  The  Intensity  and  location  of  the  a  peak  Is  strongly 
dependent  on  the  chemical  composition  of  the  samples.  ®An  Increase  In  the 
hard  segment  content  at  constant  prepolymer  molecular  weight  broadens  the 
a  relaxation  and  decreases  Its  Intensity.  This  Is  accompanied  by  a  shift 
or  the  peak  temperature  to  a  higher  temperature.  It  appears  that  the  a 
relaxation  process  Involves  motion  within  the  amorphous  portion  of  the  * 
flexible  prepolymer  chains.  Thus  It  may  be  Inferred  that  Increasing  the 
aromatic  urea  content  will  tend  to  restrict  the  motion  of  the  prepolymer 
phase  and  thus  shift  the  a  transition  to  a  higher  temperature. 

On  the  high  temperature  side  of  the  a  peak,  a  mechanical  dispersion  Is 
Indicated  as  a  shoulder  near  0*C.  This  transition  Is  designated  as  a  and 
Is  related  to  the  melting  of  crystallites  of  the  soft  segments.  The  c 
melting  point  of  PTMO  homopolymer  has  been  reported  to  lie  near  35°C  (27). 
An  even  higher  value  (nearly  49*C)  of  T^  has  been  reported  by  Dreyfus  (38) 
for  extremly  high  molecular  weight  PTMff.  The  lower  T  of  the  soft  segment 
observed  here  Is  believed  to  be  due  to  the  lower  molecular  weight  of  the 
PTMO  segments  In  these  copolymers  or  to  the  formation  of  small  and/or 
Imperfect  crystallites. 

The  existence  of  6  relaxations  in  dynamic  mechanical  behavior  has  been 
observed  for  conventional  MDI/BD  based  polyurethanes  and  shown  to  be 
associated  with  the  hard  segments  of  the  copolymer  (22.  23).  The  first  6 
relaxation  near  80°C  was  ascribed  to  the  annealing  effects  associated  with 
the  poor  ordering  In  the  hard  domains.  The  high  temperature  6'  relaxation 
near  200°C  In  the  dynamic  mechanical  spectra  has  bean  attributed  to  the 
melting  of  the  hard  segment  crystallites  (23).  For  these  polyurethane- 
ureas  copolymers  the  6  relaxation  Is  barely  visible  in  the  loss  modulus 
curve.  This  Indicates  that  any  further  ordering  of  the  hard  segments  does 
not  take  place  In  2.000  molecular  weight  PTMO-based  copolymers.  This  Is 
not  surprising  as  the  hard  domains  are  more  cohesive  In  these  copolymers 
due  to  the  presence  of  urea  linkages  and  the  large  thermodynamic 


Incompatibility  between  the  two  segment  types.  One  o'ner  relaxation  Is 
observed  over  2004C  and  Is  dependent  on  the  hard- segment,  content.  This 
relaxation  Is  assumed  to  be  associated  with  the  melting  cf  the  hard  segment 
mlcrocrystallltes  with  urea  linkages  and  this  dispersion  Is  designated  as 
61.  An  endotherm  at  these  temperatures  was  also  observed  by  DSC.  The 
meltlna  point  of  the  MDI/DAM  "hard  segment"  control  has  been  reported  to  be 
370°C  (15).  The  same  Tm  value  has  also  been  observed  In  this  laboratory, 
although  we  are  not  certain  that  this  represents  the  value  associated  with 
very  high  molecular  weight  components. 

Figure  5.5-6  shows  the  dynamic  mechanical  behavior  of  segmented 
polyurethane- ureas  as  a  function  of  the  molecular  weight  of  the  prepolymer. 
The  results  Indicate  that  the  a  transition  shifts  to  a  lower  temperature 
as  the  molecular  weight  of  the  soft  segments  Is  Increased.  This  shift  can 
be  explained  on  the  basis  of  longer,  more  ordered  and  well-defined  domain 
structure  which  results  when  the  mcietuUr*  weight  of  the  macroglycol  Is 
Increased  at  constant  hard-segment  content.  The  Intensity  of  the  ot  peak 
Is  also  composition  dependent  and  decreases  with  Increasing  segment* 
molecular  weight.  This  occurs  because  of  the  onset  of  crystallinity  in  the 
soft  segments  as  the  molecular  weight  of  PTMO  Is  Increased.  For  the  650 
and  1,000  molecular  weight  polyether  glycol  prepolymer,  the  a  relaxation 
was  not  observed.  This  Is  consistent  with  other  observat1onscthat  the  soft 
segment  blocks  crystallize  only  when  their  molecular  weight  Is  In  excess  of 
1,000,  (23)  although  higher  hard/soft  segment  mixing  present  In  these 
systems  may  also  prevent  the  crystallization  of  the  soft  segments.  The  5 
and  6‘  relaxation  peaks  are  Indicated  for  these  materials  by  a  slight 
deflection  In  the  dynamic  mechanical  spectra.  The  y  relaxation  peaks 
appear  to  be  molecular  weight  dependent  as  they  shift  to  low  temperatures 
for  high  molecular  weight  prepolyraer  based  materials  of  the  same  hard 
segment  content.  This  may  Indicate  a  higher  degree  of  segmental  mixing  as 
the  molecular  weight  of  the  soft  segment  is  lowered  for  the  same  hard 
segment  content. 

The  length  and  extent  of  the  rubbery  plateau  Is  also  shown  to  depend  on  the 
molecular  weight  of  the  macroglycol  employed.  The  plateau  modulus  Is 
higher  for  samples  where  2,000  molecular  weight  soft  segments  are  utilized 
as  compared  to  samples  where  the  soft- segment  molecular  weight  Is  lower. 
This  behavior  Is  attributed  to  the  existence  of  less  well  defined  domain 
structure  when  low  molecular  weight  macroglycols  are  used.  For  copolymers 
prepared  from  higher  molecular  weight  polyether  glycols,  high  prepolymer 
molecular  weight  based  copolymers,  better  phase  separation  is  obtained  and 
enhanced  physical  crosslinking  and/or  filler  effects  (arising  from  the 
presence  of  hard  segment  domains)  dominate  the  properties.  As  a 
consequence,  the  effective  degree  of  domain  formation  Is  Improved  In  the 
high  segment  molecular  weight  materials.  Additionally,  for  samples  with 
the  same  hard- segment  content,  the  concentration  of  urea  groups  is  higher 
for  samples  with  higher  molecular  weight  prepolymer  whose  hydrogen  bonding 
network  Improves  Intradomain  cohesion. 

5. 5. 3. 3.  Thermal  analysis.  The  thermomechanical  analysis  (TMA)  spectrum 
was  obtained  for  these  polyurethane-ureas  to  observe  the  transitions 
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Figure  5.5-6.  Dynamic  Mechanical  Spectra  for  (I)  PTM0-20QO-MDI-31-DCA,  (a) 
PTMQ- lOQQ-ffD I - 3 1 - DCA  and  (4)  PTMQ-650-MDI-31-DCA. 

Frequency  110  Hz 


Figure  5.5-7.  Thermomechanlcal  Penetration  Curves  for  Various  Samples  with 
Different  Hard  Segment  Content.  (1)  PTM0-2000-MDI-41-CA. 

(2)  PTM0-2000-MDI-  31-CA,  and  (3)  PTM0-2000-MDI-23.3-CA 
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associated  with  the  hard  and  soft  segments.  Figure  5.5-7  compares  the  TMA 
measurements  of  three  representative  copolymers  with  different  hard-segment 
contents.  The  primary  transition  near  -50°C  Is  ascribed  to  the  soft 
segment  glass  transition.  The  hard-segment  transition  Is  Indicated  to  be 
composition  dependent  and  varies  from  240  to  300°C  as  the  hard-segment 
content  Is  Increased  from  23.3  to  41  percent  by  weight.  The  nature  and 
length  of  the  rubbery  plateau  depends  on  the  hard-segment  content  and  Is 
higher  for  segmented  copolymers  with  higher  hard-segment  content.  The  TMA 
response  Is  also  affected  when  the  molecular  weight  of  the  soft  segment  Is 
varied  at  a  constant  hard-segment  content  (see  Figure  5.5-8).  These 
results  are  consistent  with  the  fact  that  the  sequence  length  also 
Increases  as  a  function  of  hard-segment  content.  In  Figure  5.5-8,  these 
MDl-based  polyurethane-ureas  are  compared  with  Estane,  a  conventional  dial  - 
extended  polyurethane.  One  significant  feature  observed  In  the  ESTANE 
Is  Its  relatively  low  softening  temperature  (120°C).  In  contrast,  the 
strength  and  service  temperature  have  been  dramatically  Improved  with  the 
Incorporation  of  29  and  59  weight  percent  aromatic  urea  groups  In 
polyurethane-ureas.  In  general,  the  results  obtained  from  TMA  penetration 
curves  are  In  agreement  with  the  dynamic  mechanical  behavior  discussed 
earlier. 

Thermogravlmetrlc  analysis  on  these  materials  provide  strong  evidence  of 
the  somewhat  Improved  thermal  stability  due  likely  to  the  existence  of  a 
three-dimensional  urea  hydrogen  bonding  network  as  well  as  the  complete 
aromatic  nature  of  the  hard  segments.  The  thermogravlmetrlc  analysis 
behavior  was  observed  to  be  nearly  Independent  of  the  composition  and  hence 
only  one  curve  Is  Indicated  for  MDI-based  copolymers.  These  materials 
exhibit  little  weight  loss  up  to  3GQ°C,  but  lose  50  percent  of  their  weight 
by  about  400°C. 

As  discussed  In  the  preceding  section,  a  number  of  different  transitions 
were  observed  with  dynamic  mechanical  measurements.  In  order  to  verify 
these  transitions  or  relaxations,  differential  scanning  calorimetry  (DSC) 
the  urograms  were  obtained  for  these  polyurethane-urea  copolymers.  This 
study  also  allowed  the  determination  of  composition  dependence  of  various 
transitions  associated  with  hard  and  soft  segments.  Table  5.5-3  presents  a 
summary  of  the  low  temperature  DSC  results  for  the  segmented  copolymers. 
Data  on  various  thermal  events  occurring  In  the  component  prepolymers  are 
also  Indicated  In  this  table.  The  transitions  observed  by  DSC  are  In  good 
agreement  with  the  a  ,  a  ,  6,  and  <5‘  relaxations  obtained  by  dynamic 
mechanical  spectroscopy.  tIo  signs  of  the  y  relaxation  were  indicated  by 
the  DSC  thermograms  but  a  transition  associated  with  the  melting  of  the 
crystallites  was  observed  In  the  thermal  scans. 

Annealing  studies  were  also  carried  out  to  Investigate  the  morphological 
changes  In  segmented  elastomers  Induced  by  annealing  and  quenching  as  a 
function  of  both  time  and  temperature.  For  unannealed  samples,  the  low- 
tamperature  thermograms  contain  the  transitions  associated  with  the  soft 
segments  and  are  presented  in  Figures  5.5-9  and  5.5-10.  The  thermograms  In 
Figure  5.5-9  show  the  low-temperature  transitions  for  various  copolymers 
prepared  with  different  molecular  weight  polyether  glycol  but  the  same  hard 
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Figure  5.5' 
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8.  TMA  Penetration  Curves  of  the  PEUU's  with  Different  Soft 
Segment  Lengths 
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Table  5.5-3,  Results  From  Low  Temperature  DSC  Scans  (°C)  For  Segmented 
Polyurethane-Urea  Copolymers 


Sample 

From 

Tg 

“To! 

41  dpol  Tt 

Tc 

Tm 

FTM0-2Q00-MDI-23.3-CA 

-83 

-61 

-75.2 

-43.1 

2.5 

PTM0-20G0-MDI-31-CA 

-86 

-62 

-74.7 

-34.1 

3.5 

PTMO- 2000-MDI -4 1-CA 

-84 

-54 

-72.0 

-35.1 

11.7 

PTM0-2000-MDI-31-DCA 

-89 

-57 

-73.7 

-35.7 

8.8 

PTM0-1Q00-MDI-31-DCA 

-59 

-29 

-47.9 

ND 

ND 

PTMO-  S50-MDI-31-DCA 

-58 

-19 

-38.3 

NO 

ND 

PTMO- 2000-MD I - 31-CA 

-84 

-62 

-76.3 

ND 

ND 

PTM0-2000-MDI-31-BD 

-64 

-29 

-49.0 

ND 

ND 

PTMO- 2000 

~ 

-- 

-78.0 

— 

24,27 

PTMO- 1000 

— 

-- 

-82.0 

mtm 

28,37 

PTM0-650 

" 

-84.0 

23,36 

a:  all  temperatures  In  °C;»ND:  not  determined 
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Figure  5.5-9. 


Low- temperature  DSC  Curves  of  the  PEUU‘$  with  Different  Soft 
Segment  Lengths 
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segment  content.  For  PEUU  based  on  the  polyether  glycol  2»000  molecular 
Might,  the  soft-segment  glass  transition  occurs  at  -75*C  and  Is  followed 
by  an  In  situ  crystallization  exotherm  near  -40°C  and  melting  endotherm  at 
about  10°C.  Crystallization  and  melting  transitions  were  not  observed  for 
copolymers  derived  from  the  lower  molecular  weight  polyether  glycols. 

For  polyurethane-urea  samples  prepared  with  650  or  1,000  molecular  weight 
PTMO,  the  glass  transition  temperatures  were  observed  at  -38  and  -48°C, 
respectively.  These  Tg's  are  substantially  higher  than  the  glass 
transition  temperature  reported  In  Table  5.5-3  for  pure  PTMO  (-84 
and  -  82#C,  respectively).  This  Indicates  either  a  significant  amount  of 
Interfaclal  mixing  or  an  existence  of  mixed  hard  segments  In  the  soft 
matrix  of  these  materials,  the  extent  of  which  Is  likely  determined  by  the 
amount  and  length  of  both  segments.  In  addition,  the  anchoring  of  soft 
segments  at  the  phase  boundaries  of  a  domain  structure  would  also  raise  the 
Tg  due  to  the  restrictions  Imposed  by  the  coupling  at  the  interface.  The 
width  of  the  glass  transition  zone  Is  also  longer  for  lower  molecular 
weight  polyether  glycol-based  copolymer,  suggesting  a  higher  degree  of 
segment  mixing.  The  partial  mixed  segment  morphology  Indicated  for  samples 
with  650  or  1,000  wolecular  weight  PTNO  can  be  described  by  two  models  (6). 
The  first  would  consider  the  presence  of  polyether  segments  In  the  hard 
domains  and/or  hard  segments  dispersed  In  the  polyether  matrix.  The  second 
model  acknowledges  the  existence  of  a  broad  Interfaclal  region  between  the 
relatively  pure  hard-  and  soft-segment  domains.  The  DSC  and  SAXS  analyses 
(discussed  later)  on  these  materials  seem  to  suggest  a  model  which  combines 
the  baslt  aspects  of  both  models.  However,  Cooper's  (21)  IR  results  on 
polyurethane-ureas  have  indicated  that  urea  carbonyls  are  completely 
hydrogen  bonded.  If  one  accepts  this  point  of  view,  then  only  a  few 
Individual  hard  segments  should  be  dissolved  In  the  soft-segment  matrix, 
although  small  hard  domains  (a  few  small  coupled  hard  segments)  could  no 
doubt  still  be  miscible. 

All  low- temperature  DSC  thermograms  on  copolymers  with  2,000  molecular 
weight  PTMO  (see  Figure  5.5-10)  Indicate  the  presence  of  crystallization 
and  melting  transitions,  above  the  glass  transition.  The  presence  of  a 
melting  endotherm  Is  observed,  as  expected,  by  virtue  of  the  greater 
molecular  weight  of  soft  segments  Involved.  The  crystallization  exotherm 
Is  thus  due  to  the  soft  segment.  At  room  temperature,  these  segments  are 
just  above  their  melting  temperatures  so  that  rapid  cooling  below  room 
temperature  Is  effectively  a  melt  quench  to  an  amorphous  glassy  state  below 
Tg.  When  reheated,  the  soft  segments  crystallize  above  their  glass 
transition  temperature. 

From  Table  5.5-3  and  Figure  5.5-10,  It  Is  to  be  noted  that  for  constant 
soft- segment  molecular  weight,  the  Tg  of  the  soft  segment  Increases  with 
hard-segment  content.  This  may  suggest  that  an  Increase  In  the  aromatic 
urea  content  tends  to  restrict  the  motion  of  the  soft  segments  thus 
shifting  the  Tg  to  higher  temperatures.  However,  the  presence  of  a  larger 
interfaclal  region  In  the  high  hard-segment  content  material  may  also  raise 
the  Tg.  The  SAXS  results  (discussed  later)  on  these  materials  tend  to 
favor  the  second  postulate. 
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Interestingly,  the  DSC  results  In  Figure  5.5-10  also  reveal  that  a  lower 
glass  transition  also  promotes  a  lower  soft-segment  crystallization 
temperature  (Tc).  The  melting  endotherms  In  these  copolymers  are  observed 
to  be  shifted  to  lower  temperatures  as  the  hard-segment  content  Is 
decreased.  This  Implies  that  the  proportion  of  hard  segments  present  In 
the  soft-segment  matrix  decreases  as  the  hard-segment  content  Is  Increased. 
As  more  hard  segments  are  present  In  the  soft  matrix,  the  melting  point 
would  be  depressed  because  of  a  dilution  effect.  On.  comparing  the  areas 
under  the  crystallization  and  melting  peaks.  It  Is  found  that  the 
difference  Is  largest  for  the  sample  with  the  highest  hard-segment  content. 
These  results  Indicate  that  the  soft  segments  In  the  sample  with  highest 
hard-segment  content  crystallize  faster  and  can  be  explained  by  two 
separate  phenomena.  The  first  one  has  to  do  with  the  larger 
crystallization  window  (Tg-Tm)  available  for  the  fast  crystallization  of 
soft  segments.  Faster  crystallization  could  also  occur  due  to  the  presence 
of  less  hard-segment  Impurities  In  the  soft  segment  matrix.  When 
significant  amounts  of  hard- segment  Impurities  are  present  In  the  matrix, 
as  may  be  the  case  for  samples  with  lower  hard- segment  content,  then  they 
could  interfere  with  the  crystallization  of  the  soft  segments.  As  a 
result,  when  the  sample  Is  quickly  quenched,  only  a  small  proportion  of  the 
soft  segments  would  crystallize.  Therefore  It  Is  hypothesized  that  the 
difference  between  the  areas  under  the  crystallization  and  melting  peaks 
may  be  correlated  to  the  purity  of  the  soft  phase. 

The  Tg  exhibited  by  the  2,000  molecular  weight  PTMO-based  copolymer  Is  much 
lower  (near  -75°C)  as  compared  to  those  of  copolymers  with  lower  soft 
segment  molecular  weight.  This  Indicates  that  the  mixing  of  the  hard  and 
soft  segments  Is  minimal  when  higher  molecular  weight  polyethers  are 
employed  and  that  the  Tg  value  can  also  be  used  as  an  Indication  of  the 
relative  purity  of  the  soft-segment  regions. 

From  these  OSC  results  It  also  appears  that  the  Tg  for  polyurethane-urea 
copolymers  also  depends  on  the  type  of  tertiary  alcohol  used  to  promote  the 
chain  extension  step*  When  OCA  Is  used,  the  Tg  Is  higher  as  compared  with 
those  of  the  copolymers  where  CA  was  utilized.  These  results  are 
consistent  with  the  differences  observed  in  the  mechanical  behavior.  In 
DCA-based  PEUU's,  a  less  well-ordered  domain  structure  is  obtained, 
probably  because  of  a  larger  hard- segment  length  distribution  as  discussed 
earlier.  OSC  curves  also  suggest  that  hard  segment/soft  segment  mixing  Is 
affected  by  the  hard-segment  type  and  the  affinity  of  one  segment  for  the 
other.  For  HDi/BD  based  polyurethanes,  a  relatively  high  value  of  Tg  Is 
Indicated  Implying  the  existence  of  large  scale  mixing  of  hard  and  soft 
segments.  This  mixing  In  conventional  MDI/BD  based  polyurethanes  may  also 
be  caused  by  higher  compatibility  between  the  two  types  of  segment  compared 
to  MDI/DAM  based  PEUU's. 

While  the  sample  PTHO-20Q0-MDI-31-CA  displays  the  existence  of  both 
crystalline  and  melting  temperature  transitions,  no  such  activity  Is 
observed  In  PTM0-2QQ0-TDI-31-CA.  The  Tg  of  the  soft  segments  In  TDI-based 
materials  Is  lower  than  that  of  MDI-based  materials,  suggesting  better 
phase  separation  In  the  latter.  It  appears  that  the  unsymmetrlc 


configurations  of  TDI  units  cause  the  the  formation  of  random  hard-segment 
structures  which  Inhibit,  but  not  necessarily  eliminate,  the 
crystallization  of  soft  segments  under  Identical  thermal  histories. 

The  OSC  scans  were  also  obtained  for  two  polyurea  systems  which  form  the 
hard  segments  In  the  MDI-based  copolymers.  These  polyureas  were  obtained 
by  reacting  MDI  with  OAH  at  low  temperatures  for  2  hours  or  HOI  with  CA  at 
high  temperatures  (150*C)  for  15  hours.  For  both  materials  a  Tm  Is 
observed  at  about  370°C.  The  same  melting  temperature  has  also  been 
reported  for  HOI/QAM  polyureas  by  Ishlhara  et  al.  (15).  A  heat  of  fusion 
of  110  calorles/gram  was  determined  for  the  HDl/QAH-based  polyureas 
assuming  no  degradation  of  the  sample.  For  HOI/CA-based  polyurees,  a  lower 
heat  of  fusion  Is  observed  because  a  completely  crystalline  structure  Is 
not  obtained.  This  hypothesis  Is  confirmed  by  the  existence  of  glass  and 
crystal llzatlon  transitions  In  the  thermograms.  Partially  amorphous 
polyureas  are  obtained  because  the  material  likely  undergoes  some 
branching,  but  short  of  a  three-dimensional  network  formation,  during 
synthesis  at  high  temperatures.  A  diffuse  amorphous  halo  was  also  observed 
In  the  powder  diffraction  patterns  obtained  for  the  MDI/CA  polyurea.  The 
high  Tm  and  AH  are,  no  doubt,  responsible  for  the  well-defined  crystalline 
structure  which  Is  formed  mainly  through  hydrogen  bonding  and  the  stacking 
Interactions  of  aromatic  rings.  The  presence  of  strong  and  high- 
temperature-melting  hard  domains  In  these  polyurethane-ureas  Is  also  likely 
to  be  responsible  for  the  their  superior  mechanical  properties  and  high 
tempera-ture  performance  In  comparison  to  dlol  extended  conventional 
polyurethanes. 

5.5. 3.4.  Wide-angle  x-ray  diffraction.  The  differences  In  the  onset  of 
strain- Induced  crystallization  behavior  of  MDI-  and  TDI-based  polyurethane- 
ureas  copolymers  was  investigated  with  the  aid  of  wide-angle  x-ray 
diffraction  (MAXD).  Flat  plate  diffraction  patterns  were  obtained  from  two 
representative  copolymers  at  various  elongations  (Figure  5.5-11).  In  the 
undefortned  state,  both  samples  show  an  Isotropic  arrangement  of  the 
amorphous  segments  and  only  a  broad  diffuse  halo  Is  observed.  At  higher 
elongations  the  anisotropy  In  the  sample  Is  Indicated  by  the  azmuthal 
dependence  of  the  diffraction  patterns.  When  strain- Induced 
crystallization  of  the  soft  segments  occurs,  the  reflections  corresponding 
to  the  oriented  crystallites  may  be  observed  as  sharp  reflections  along  the 
equator.  For  MDI-based  PEUU's  these  spots  are  observed  when  the  sample 
elongation  Is  more  than  300  percent.  The  TDI-based  system,  however, 
develops  these  spots  at  only  110  percent  elongation.  This  Indicates  that 
for  MDI-based  copolymers,  the  phenomenon  of  strain- Induced  crystallization 
takes  place  at  a  much  higher  elongation  than  the  TDI-based  materials.  The 
reason  for  this  unusual  behavior  may  He  In  the  nonsyawetrlc  configuration 
of  the  TDI  hard  segments,  but  this  Is  only  a  speculation.  It  may  appear 
that  the  WAXD  results  are  In  direct  conflict  with  the  DSC  and  dynamic 
mechanical  results  discussed  earlier.  Those  results  had  suggested  that 
although  the  soft  phase  In  TDI  based  copolymers  was  more  pure  as  compared 
to  the  MDI-based  materials,  the  random  hard  segment  structures  developed  by 
the  nonsytnmetrlc  TDI  units  may  have  been  responsible  for  the  absence  of 
cold  crystallization  behavior.  If  more  hard-segment  Impurities  are  present 
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Figure  5.5-11.  Hide-angle  Diffraction  Patterns  for  PTMO-2QOO-MDI-31-CA  and 
PTMO-2COO-TDI-31-CA  at  Different  Elongations 
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In  th«  soft  matrix  for  HDI-based  materials,  then  on  deformation  the  soft- 
segment  chains  should  experience  less  orientation  effects  as  compared  to 
the  TDX-based  materials.  If  this  Is  true,  then  MDI-based  PEUU's  might  show 
strain- Induced  crystallization  at  a  much  nlgher  overall  elongation  In 
contrast  to  the  TDI-based  systems.  The  authors  again  point  out  that  these 
latter  statements  are  only  speculations  at  this  time. 

S.S.3.S.  Small-angle  x-ray  analysis.  In  order  to  more  directly  determine 
the  differences  In  the  structural  arrangement  as  a  function  of  sample 
composition,  the  morphology  In  these  segmented  polyurethane-urea  copolymers 
was  Investigated  via  SAXS.  To  accomplish  this,  the  Interdomain  spacing, 
interfacial  boundary  thickness  and  extent  of  segmental  mixing  were 
determined  as  a  function  of  composition  variables.  The  analysis  of  SAXS 
data  Is  relatively  straightforward  and  detailed  Information  on  the 
determination  of  various  morphological  parameters  has  been  discussed 
elsewhere  (28-35). 

The  slit  smeared  x-ray  data  was  obtained  on  a  Kratky  small-angle  camera  and 
subsequently  corrected  for  parasitic  and  background  (thermal)  scattering. 
The  resulting  x-ray  scattering  profiles  for  three  polyurethane-urea 
copolymers  at  constant  hard-segment  content  are  shown  In  Figure  5.5-12. 

All  curves  show  the  presence  of  a  shoulder  or  maximum  followed  by  a  gradual 
fall  off  In  tht  intensity.  The  location  of  the  maximum  (or  shoulder) 
depends  on  the  composition  and  appears  at  hlaher  angles  when  either  hard- 
segment  content  (at  constant  soft-sagment  molecular  weight)  or  soft- segment 
length  (at  the  same  hard-segment  content)  are  reduced.  A  more  defined  peak 
occurs  In  place  of  a  shoulder  when  the  hard-segment  content  for  a  high 
molecular  weight  polyether  glycol  Is  Increased.  The  breadth  of  the 
scattered  Intensity  profile  Is  also  largar  for  lower  segment  molecular 
weight  materials  suggesting  a  larger  distribution  of  domain  sizes  and/or 
Interdomain  spaclngs.  For  PTMO-2000-MDI-41-CA  the  scattering  profile  Is 
rather  sharp  indicating  a  narrow  distribution  of  interdomain  spaclngs.  The 
same  trends  are  seen  In  Figure  5.5-13  for  the  col  11 mat Ion-corrected 
intensity  profiles  as  well.  For  sample  PTH0-650-MDI-31-CA,  the  lack  of  a 
distinct  phase- separated  structure  causes  the  scattered  Intensity  to  be 
lower  and  the  position  of  the  shoulder  is  also  not  well  defined.  The 
mixing  of  the  two  different  segments  apparently  leads  to  the  lowering  of 
the  mean  square  electron  density  fluctuation  In  the  system  and  the 
scattered  Intensity  Is  lower  as  a  result  of  lower  electron  density 
contrast.  This  causes  a  large  statistical  error  In  the  Intensity  profile 
and  presents  problems  during  data  analysis. 

The  Interdomain  spacing  or  d-spaclngs  ware  determined  from  the  location  of 
the  peak  In  the  colllmatlon  corrected  Intensity  profiles  using  Bragg's  law 
and  are  listed  In  Table  5.5-4.  Values  of  the  Interdomain  spaclngs  were 
also  determined  by  1-D  correlation  function  analysis.  The  values  of  the 
Interdomain  spacing  obtained  by  the  two  approaches  are  In  reasonable 
agreement  with  each  other.  The  results  Indicate  that  the  liiterdomaln 
spacing  Is  affected  by  changes  In  the  composition  as  would  be  expected. 

For  example,  sample  PTM0-2000-MDI-23.3-CA  displays  a  spacing  of  12  nm  while 
a  value  of  11  nm  Is  observed  for  PTM0-2000-MDI-31-CA.  At  constant 
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•  Figure  5.5-12.  Sawared  SAXS  Scattered  Intensity  Profiles  for  (1)  PTMQ- 

2000-HD I- 31-OCA.  (2)  PTH0-1000-MDI- 31-OCA  and  (3)  PTM0-650 
HDI-31-0CA 


m 


o 


Figure  5.5-13.  Desmeared  SAXS  Scattered  Intensity  Profiles  for  (1)  PTMO- 
2000-HDI-31-CA.  (2)  PTM0-2000-HDI-23.3-CA,  (3)  PTM0-2000- 
MDI-31-B0  and  (4)  PTM0-1000-HDI-31-DCA 
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Table  5.5-4.  Interdomaln  or  D-Spaclng  In  nm  for  Segmented  Polyurethane- 
Urea  Copolymers 

D  - ■ - 


Sample 

by  Bragg's  law 

(nm) 

From  1-D 

Correlation  Function 
(n») 

PTM0-2OOO-MOI-23.3-CA 

17.5 

12.0 

PTMQ-2000-MDI-31-CA 

16.5 

11.0 

PTH0-2000-MDI-31-DCA 

15.5 

10.5 

PTM0-1000-M0I-31-DCA 

12.4 

9.3 

PTMO-  650-M0 I -31-OCA 

10.5 

— 

PTM0-2000-HDI-31-BD 

11.8 

9.2 

hard-  segment  content  of  31  percent  by  weight,  the  Interdooaln  spacing 
Increases  from  9.3  to  11  nra  as  the  molecular  weight  of  the  soft  segment 
Is  increased  from  1.000  to  2.000.  respectively.  As  the  molecular  weight  of 
the  soft  segment  Is  Increased,  the  hard-segment  length  also  increases  at 
constant  hard-segment  content  and  as  a  result,  not  only  the  order  In  hard- 
segment  domains  Is  Increased,  but  the  Interdomain  spacing  Increases  as 
well.  The  d-spaclng  Increases  as  well  when  the  higher  molecular  weight 
polyethers  are  employed.  These  results  along  with  the  morphological 
Insight  obtained  from  other  techniques.  Indicate  that  hard-segment  ordering 
is  reflected  In  the  values  of  the  Interdomain  spacing. 

It  has  been  suggested  by  Porod  that  for  an  Ideal  two  phase  system,  the 
desmeared  scattered  Intensity  at  high  angles  varies  with  the  reciprocal  of 
fourth  power  of  the  scattering  vector.  A  reciprocal  third  power  dependence 
Is  observtd-when  silt  reared  data  Is  used.  This  Implies  that  the  product 
I.s*  or  I. s'*  reaches  a  constant  value  at  large  angles  for  colllmatlon 
corrected  and  slit  smeared  scattered  Intensities  respectively.  The 
variable  s  Is  called  the  scattering  vector  and  Is  related  to  the  angle  of 
observation  of  the  scattered  Intensity  from  the  center  of  the  beam.  A 
negative  slope  In  a  plot  of  I.s*  vs  sz  Indicates  the  existence  of  diffuse 
phase  boundaries.  All  but  one  sample  Indicated  the  presence  of  a  diffuse 
two  phase  structure  In  the  materials.  The  TDI-based  copolymers,  however, 
display  a  near  zero  slope  which  is  Indicative  of  sharp  phase  boundaries. 
This  observation  is  consistent  with  the  DSC  results  where  the  same 
copolymer  showed  the  lowest  Tg  for  the  soft  segments.  However,  these 
results  only  Indicate  that  the  thickness  of  the  Interfaclal  zone  present  In 
the  material  may  be  small  and  does  not  rule  out  the  solubilization  of  one 
component  In  other.  An  estimate  of  the  thickness  of  the  diffuse 
Interfaclal  boundaries,  as  indicated  by  the  negative  slopes,  can  be 
determined  by  various  graphical  methods  (35). 

A  detailed  Investigation  of  the  diffuse  boundary  thickness  was  carried  out 
using  the  slit  smeared  scattered  Intensities.  The  Interfaclal  thickness 
parameter,  o,  was  estimated  by  several  graphical  procedures  and  the  results 
are  reported  In  Table  5.5-5.  The  value  of  o  Is  related  to  the  Interfaclal 
boundary  thickness  assuming  a  sigmoidal  gradient  of  electron  density  across 
the  Interface.  The  results  for  interfaclal  thickness  parameters  are 
comparable  with  previously  reported  values  of  a  for  segmented  polyether 
polyurethanes  (28,29).  Interestingly,  the  diffuse  boundary  zone  Is  found 
to  be  larger  for  samples  containing  the  higher  hard-segment  content.  A 
comparison  of  the  interfaclal  boundary  thicknesses  for  copolymers  prepared 
with  CA  and  DCA  shows  that  the  thickness  Is  greater  In  copolymers  prepared 
with  the  latter.  This  result  Is  consistent  with  the  earlier 
rationalization  and  differences  In  thermal  and  mechanical  properties 
observed  for  the  two  copolymers.  However,  at  constant  hard-segment 
content,  the  interfaclal  thickness  determined  for  low  molecular  weight  PTH0 
1$  smaller  In  comparison  to  materials  based  on  higher  soft-segment 
molecular  weight.  This  result  would  appear  to  be  In  conflict  with  most 
observations  which  Indicate  better  phase  separation  for  cases  where  longer 
segments  are  employed.  First  It  must  be  clarified  that  a  larger  thickness 
of  the  interfaclal  regions  does  not  necessarily  point  to  a  poor  phase 
separation  or  a  higher  degree  of  segmental  mixing  In  the  material. 
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Table  5.5-5.  Interfacial  Thickness  Parameter  (In  nm)  by  Various  Methods 


Sample 

1  2 
Kobersteln  Ruland  Bonart  Exponential  Ruland 

PTMO-2000-MDI-23.3-CA 

0.205 

0.196 

0.263 

0.186 

0.182 

PTM0-2000-MDI-31-CA 

0.335 

0.283 

0.426 

0.301 

0.280 

PTMO-2000-MDI-31-DCA 

0.264 

0.234 

0.339 

0.240 

0.224 

PTM0-10Q0-MDI-31-DCA 

0.109 

0.100 

0.160 

0.113 

0.110 

PTM0-2000-M0I-31-BD 

0.130 

0.145 

0.179 

0.127 

0.126 

2 

1.  Using  a  plotting  routine  of  sl(s)  vs.  1/&  . 

2.  Using  a  plotting  routine  of  sJI(s)  vs.  s  . 


The  parameter  indicating  the  degree  of  phase  separation,  o.  Is  also 
dictated  by  the  relative  lengths  of  the  hard  and  the  soft  segments.  For 
example,  for  a  hypothetical  sample  A  where  the  Interfaclal  thickness  Is 
small,  the  fraction  of  the  Interfaclal  region  could  be  large  as  compared  to 
another  sample  B  which  may  have  higher  Interfaclal  thickness  but  the 
fraction  of  the  Interfaclal  region  Is  small.  Sample  B,  In  such  a  case, 
would  show  a  better  overall  degree  of  phase  separation  as  compared  to 
sample  A.  The  reason  for  this  unexpected  observation  may  also  lie  In  the 
molecular  arrangement  of  the  copolymer  chains  obtained  with  low  molecular 
weight  prepolymer.  It  has  been  shown  that  the  presence  of  this  type  of 
Intrasegmenta!  mixing  would  cause  a  positive  deviation  In  the  Porod's  plot 
(35).  If  this  occurs  then  the  obtained  value  of  o  Is  an  artifact 
representing  the  net  result  of  two  opposing  phenomena.  Based  on  these 
arguments.  It  can  also  be  explained  why  polyurethane  elastomers  show  lower 
Interfaclal  thickness  by  x-ray  analysis  as  compared  to  these  PEUU 
elastomers  despite  repeated  observations  by  other  techniques  that  polyether 
polyurethanes  are  not  as  well  phase-separated  In  comparison.  Hence,  the 
values  of  o  do  not  give  any  direct  Indication  of  the  degree  of  phase 
separation  but  only  an  estimate  of  the  Interfaclal  thickness.  A  better 
Indication  of  the  degree  of  phase  separation  Is  obtained  by  the 
determination  of  the  electron  density  variance. 

Electron  density  variance  was  estimated  from  the  scattering  Intensity 
profiles  corrected  for  background  scattering  as  discussed  elsewhere  „ 
(31,351.  These  variances  or  mean  square  electron  density  fluctuations,  Xfr' 
and  Xpz  ,  can  provide  valuable  Insight  Into  the  state  and  degree  of  phase 
separation  as  shown  by  Bonart  (36,37).  The  term  Sir'  Is  determined  through 
the  calculation  of  the  Invariant  while  the  teem  5jr  Is  calculated  assuming 
complete  phase  separation.  The  ratio  Xfr'/Xp£  on  a  semi -quantitative 
basis,  reflects  the  overall  degree  of  phase  separation.  A  value  of  unity 
obtained  for  the  ratio  Indicates  a  completely  phase-separated  material 
while  a  lower  value  would  Indicate  a  reduced  amount  of  segmental  mixing. 

The  term  SfT  Is  the  electron  density  variance  for  an  Ideal  two-phase 
system.  This  Ideal  variance  In  electron  density  can  be  calculated  from  the 
knowledge  of  the  chemical  composition  and  mass  density  of  the  component 
phase  by  assuming  complete  phase  separation  with  sharp  phase  boundaries. 

The  results  of  the  electron  density  variance  obtained  for  different 
copolymers,  are  presented  In  Table»5.5-6.  In  all  cases,  the  SfT'  Is 
smaller  than  the  Ideal  variance  .  This  Indicates  that  some  phase 
mixing  Is  present  In  all  samples.  The  ratios  of  the  two  variances  were 
also  calculated  and  are  reported  In  tho  last  column  of  Table  5.5-6.  The 
degree  of  phase  separation,  as  Indicated  by  this  ratio.  Is  found  to  be 
higher  for  copolymers  with  higher  hard- segment  content. 

When  presented  In  this  fashion,  even  the  sample  PTM0-100G-MDI-3X-DCA 
Indicates  a  less  phase- separated  structure  In  comparison,  £o  PTMO-20QO-MDI- 
31-DCA.  Polyether  polyurethane  based  on  MDI/BD  (ESTANE  'K'),  which  had 
Indicated  a  smaller  Interfaclal  thickness,  shows  a  considerable  amount  of 
mixing  between  the  two  types  of  segments.  In  general,  a  good  correlation 
can  be  found  between  the  degree  of  phase  separation  as  determined  by  x-ray 
analysis  and  mechanical  and  thermal  characteristics  observed  earlier. 


Tabic  5.5-6.  Degree  of  Phase  Separation  as  Determined  by  Electron  Density 
Variance 


Sample 


PTM0-2000-MDI-23.3-CA 
PTMO- 2G00-M0 I - 31-CA 
PTMO- 2000-MD 1-31- DCA 
PTMO- 1000-MD I - 31-DCA 
PTMO-  650-MDI-31-DCA 
PTMD-2000-MDI-31-BD 
PTM0-2000-TDI-31-CA 


!52,xio4  , 

(mol.  elec/cc)4 _ (mol 

7.654 

10.175 

7.978 

8.373 

6.873 

5.324 

8.412 


*&s&2_ 

Sp2,/S?' 

1.664 

0.46 

2.098 

0.56 

1.664 

0.48 

2.032 

0.43 

l.<i64 

0.35 

1.331 

0.40 

2.103 

0.41 

5.5.4.  Conclusions. 


It  has  been  shown  that  It  Is  possible  to  synthesize  novel  polyurethane- 
ureas  by  utilizing  either  the  rearrangement  characteristics  of  branched 
carbamates  and/or  the  dehydration  characteristics  of  tertiary  alcohols  at  a 
sufficiently  high  temperature.  Mechanical,  thermal,  dynamic  mechanical  and 
x-ray  experiments  were  carried  out  to  characterize  the  morphology  and 
properties  of  polyether  polyurethane-urea  copolymers  of  systematically 
varying  hard-segment  type,  hard-segment  content,  soft-segment  molecular 
weight,  and  block  length.  The  results  obtained  for  these  materials  were 
compared  with  those  from  conventional  polyurethanes  to  Investigate  the 
effect  of  Intermolecular  hydrogen  bonding  on  molecular  arrangement. 

The  tensile  behavior  was  observed  to  depend  primarily  on  the  degree  of 
order  In  the  hard  domains.  It  was  shown  that  this  order  can  be  Improved  by 
Increasing  either  the  hard-segment  content  at  constant  molecular  weight  of 
the  soft  segment  or  soft-segment  molecular  weight  at  the  saw  ivard- segment 
content.  Both  approaches  Increase  the  concentration  of  ura*i  linkages  In 
the  material  and  hence  the  tensile  properties.  In  addition  to  the 
differences  In  the  orientation  behavior,  the  TDI-based  materials  were 
stlffer  than  those  based  on  MDI  because  of  higher  urea  content  at  the  same 
weight  percent,  hard- segment  content.  This  suggests  that  the  cohesion  In 
hard-segment  domains  Is  Improved  through  the  formation  of  three-dimensional 
urea  hydrogen  bonding  In  the  polyurethane-urea  copolymers.  The  filler 
effects  of  the  hard  domains  are  enhanced  as  well  because  of  higher  hard- 
segment  content.  At  comparable  hard-segment  content,  all  materials 
Indicated  enhanced  mechanical  strength  over  polyother  polyurethanes  chain 
extended  with  butanedlol. 

From  dynamic  mechanical  measurements  on  these  copolymers,  the  extent  and 
nature  of  the  rubbery  platoau  was  shown  to  be  composition  dependent.  The 
results  also  Indicated  a  higher  degree  of  phase  separation  In  the  samples 
when  order  In  the  hard  segment  domains  was  Increased  by  altering  the 
composition.  As  many  as  five  different  types  of  relaxation  mechanisms  were 
observed  over  a  wide  temperature  range.  The  o  relaxation  associated  with 
annealing  effects  was  not  observed  when  the  concentration  of  urea  linkages 
was  Increased.  TMA  and  TGA  results  also  supported  the  earlier  conclusions 
drawn  from  the  mechanical  and  dynamic  mechanical  studies.  Introduction  of 
polar  urea  segments  were  shown  to  somewhat  enhance  the  thermal  stability  of 
these  materials. 

Good  agreement  m vh  dynamic  mechanical  measurements  was  observed  for  DSC 
results  as  well.  The  glass  transition  temperature  was  determined  to  be 
lower  when  either  the  molecular  weight  of  the  soft  segment  was  Increased  or 
hard-segment  content  was  decreased.  The  location  of  the  soft  segment  Tg 
was  shown  to  be  correlated  with  the  crystallization  and  melting 
temperatures  as  wall.  DSC  behavior  also  provided  the  correlation  between 
the  degree  of  phase  separation  and  higher  mechanical  strength. 

Differences  In  strain  Induced  crystallization  behavior  were  observed  for 
MDI-  versus  TDI-based  hard  segments  In  the  copolymers  by  wide  angle  x-ray 


diffraction.  The  small-angle  x-ray  results  provided  valuable  Insight  to 
the  morphological  architecture  of  the  materials.  Values  of  Interdomain 
spacing  were  shown  to  reflect  the  extent  of  hard-segment  ordering  In  the 
sample.  Except  for  the  TOI-based  system*  negative  deviations  froa  Porod's 
law  were  observed  and  the  thickness  of  the  interfacial  zone  was  estimated 
based  on  these  deviations.  Calculation  of  the  SAXS  Invariant  was  used  to 
examine  the  overall  degree  of  phase  separation  In  the  sample  and  was  found 
to  be  consistent  with  earlier  observations. 
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GLOSSARY  OF  TERMS 


* 


* 


GPC— gel  permeation  chromatography 
M~P — megapaschal s 

EPDM— ethylene-propylene  diene  rubbers 

TPE's— thermoplastic  elastomers 

RIM— reaction  Injection  molding 

LPG—  low  pressure  gas 

pslg—  pounds  per  square  inch  gas 

ml— milliliter 

UV— ultraviolet 

O.D.— outer  diameter  (coll) 

I. D.— Inner  diameter  (coll) 

rpm— revolutions  per  minute 

MID— molecular  weight  distribution 

BR— butyl  rubber 

PI— polylsoprene 

NR— natural  rubber 

IR— Isoprene  rubber 

PB— polybutadiene 

TBS— tertiary-butyl  styrene 

mol— mole 

g— gram 

mmol— millimole 
1.37  M — 1.37  molar 
ABS—  absorbance 
nm—  nanometer 
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THF— tetrahydrof  uran 

GC— gas  chromatography 

SEC— size  exclusion  chromatography 

Tg's— glass  transition  temperatures 

-  DM50— dimethyl  sul  foxl  de 

TMA—  theraooechanlcal  analysis 

1.4  n— 1.4  normal 

HPIC— high  performance  (pressure)  liquid  chromatography 

FTIR— Fourier  transform  Infrared  spectroscopy 

GIC— gas  liquid  chromatography 

FT  (Hi) — Fourier  transform  (proton)  NMR 

DOPE— 1.3  bis(phenyl  ethenyl)  benzene 

NMR— nuclear  magnetic  resonance 

mol.  wt. --molecular  might 

<Mn>— number  average  molecular  weight 

Me— methyl 

MPa— megapaschals 

HLB  (value)— hydrophobic- lyophoblc  balance 

IBMA—  Isobutyl  methacrylate 

PMMA— polymethyl  methacrylate 

psl— pounds  per  square  Inch 

kV— kilovolt 

nA— mil  11  ampere 

TGA— thermogravlmetrlc  analysis 
DSC— differential  scanning  calorimetry 
cal /gm— calories  per  gram 
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°C— degrees  Celsius 
s.s.— stainless  steel 
ca.— circa 

OPE— diphenyl  ethylene 

PD— polydlspersltles 

PMS — paramethyl  styrene 

S- I -S— styrene- 1  soprene-  styrene  copo  1  ym  r 

S-b-s— styrene-butadiene* styrene  copolymer 

B-I-B— butadiene-1 soprene- butadiene 

B"I — butadl ene- 1 soprene 

I-B- 1— 1  soprene-  butadlena- 1  soprene 

PIP— polyl  soprene 

M2—  nitrogen  gas 

DVB— dl vinyl  benzene 

DHTA— dynamical  mechanical  thermal  analysis 

Hz— Hertz 

Nl-nlckel 

ir/c— osmotic  pressure/concentration 
A2— second  vlrlal  coefficient 
E'—  modulus 
Pa— paschal  s 
X  E— percent  elongation 
X  H— percent  hydrogenation 
DIB— m-dl  1  sopropenyl  benzene 
M— molar  (moles/1) 

TEA— tri ethyl  amine 
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DI-PIP— 1,2,  dipiperidlnoethane  T-~~-  •  -- 

AB$~acryl oni trll e-butadi ene- styrene  copol yv&r 

UV/vis— UV/vIsible  spectroscopy 

Ea— energy  of  activation 

IBMA—  1  sobutyl  snethacryl  ate 

DMSQ— dimethyl  sul  foxl  de 

SST—  sulfonated  styrene 

CTA— chain  transfer  agent 

PS-PIB51  DB — polystyrene- Isobutyl  methacrylate  di block 

PMMA — poly  methyl  methacrylate 

HC1— hydrochloric  acid 

PEUU— pol yether-based  polyurethane-ureas 

TDI — tol uene-2 , 4-di i socyana te 

ED— ethylene  diamine 

PTiC— pol  y  ( tetramethyl  eneoxi  de) 

SAXS—  small  angle  x-ray  scattering 
KD I — methyl ene  bi s ( 4- phenyl  1 socyana te ) 

DAM— dlamlno  diphenyl  methane 
BD— polybutadiene  diole 
CA  or  DCA— dicumyl  alcohol 
DMF— dimethyl  forrnamlde 
MAXD— wide  angle  x-ray  diffraction 
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